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Abstract 
Underwater optics is a subject area with many applications from vision to remote 
sensing. Most have traditionally suffered from a limited range capability, despite 
advances in compact laser sources and beam steering technology. One reason for this 
is a lack of fundamental data concerning the propagation characteristics of high power 
cw and pulsed beams through turbid media at the distances required. This project was 
designed to address that shortcoming by investigating two non-linear effects of high 
power lasers underwater: thermallensing and stimulated Raman scattering (SRS). 
A novel test facility was designed and attenuation measurements made at pathlengths 
up to 27m, using an array of mirrors, with argon ion (4.5W, 514.5nm) and Nd:YAG 
(140mJ, 532nm) lasers. The water samples were conditioned (cooling and DV 
sterilisation) to improve optical stability, allowing experimentation on sea and fresh 
water samples for up to two weeks. 
Measurements were made of the development of the far-field thermal defocusing 
patterns with the cw laser. The lensing effect was enhanced by the addition of 
absorbing particulates and dye. A model was designed to describe the far-field optical 
fringe pattern from the transmitted defocused beam, showing good agreement with the 
experimental data. 
Spectral and irradiance measurements were made of the SRS output with varying 
water temperature and beam focusing parameters. Conversion efficiencies as high as 
32% (7mJ) of the transmitted pump pulse were seen at approximately 649nm. SRS 
was also seen pumped by self-focused filaments within the Nd:YAG beam. The 
Raman Interaction Function (RIF) model was designed to describe the interaction 
region for the pump beam using straightforward measurements. Comparing this with 
the experimental results improved understanding of SRS variations with laser 
focusing and pump pulse energy. 
Conclusions are drawn concernmg the impact this new knowledge will have 
underwater propagation of lasers. A novel holographic projection system is 
successfully demonstrated. This has the potential to be a flexible beam shaping 
solution that can keep irradiance levels below non-linear thresholds. 
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1 Introduction 
The complexities of obtaining and processing visual information from the immediate 
world around us is easily taken for granted. It has taken millions of years of eye-brain 
evolution (or divine design) and our own years of personal training to give such high 
degree of sophistication to our inbuilt imaging systems. Constant research has given 
us optical equipment from telescopes to infrared imaging devices with which to 
augment our capabilities. 
When we now take our air-optimised human-electro-mechanical equipment 
underwater, it is no surprise that much of the system is less than satisfactory. Vision, 
communications and analysis tools are all severely compromised by having to 
propagate through this extremely variable solution and suspension. 
The laser has found many applications underwater, both in pulsed and continuous 
wave forms, overcoming some problems with brute force. However these powerful 
sources can lead to complex interactions with collections of water molecules and 
dissolved or suspended compounds. This can impact on the efforts of underwater 
optical research in various, unaccounted for, ways. 
1. 1 Aims of this project 
Other researchers have investigated many aspects of underwater optics from imaging 
to Raman spectroscopy. Unfortunately some of the underlying propagation parameters 
are based on extrapolated data taken from experiments with conditions not relevant to 
the application. What I wanted to accomplish here was the analysis of fundamental 
aspects of the underwater propagation of high-powered sources at long path lengths. 
During the work, two phenomena were seen for the first time, under these conditions. 
With a continuous wave (cw) laser, the beam emerging from a tank of turbid water 
was seen to expand over the course of a few seconds. This was found to be the result 
of thermal lensing. Using a pulsed laser, flashes of red light were observed. These 
were found to be the results of high-efficiency Stimulated Raman scattering (SRS). 
1 
Inlroduclion ThorSlaler 
The characterisation of these two phenomena, and a demonstration of that knowledge, 
are the central primary goals of this work. 
It was decided to pursue these beam effects for two reasons. Firstly to understand 
their impact with respect to beam propagation for applications such as imaging and 
communications. In these cases the novel phenomena will mostly be unwelcome 
additional loss mechanisms and therefore desired to be minimised. Secondly however, 
I wanted to analyse the processes in the hope of generating new ideas and applications 
to take advantage of the two effects. As this knowledge builds so optical applications 
can be optimised and new techniques developed to take advantage of the findings 
made here. 
1.2 Method 
The work is a laboratory-based study using purpose-built tanks and new conditioning 
protocols to maintain water through extended experiments. The practical work began 
with attenuation measurements using beam power and path length consistent with 
imaging and wireless communication in fresh and seawater (at tens of metres). The 
novel test facility was designed to enable experimentation beyond the accepted 
transmissivity measurements. Attenuation data is shown, but the major part of the 
experimental work was directed at understanding cw thermal lensing and pulsed 
Stimulated Raman scattering. In addition two models were designed. The thermal 
lensing model helped to confirm the origin of the far-field patterns caused by the 
defocused beam. For SRS the Raman Interaction function (RIF) was designed to 
assess the Raman output for a given input "pump" beam. The new understanding of 
non-linear underwater effects was then explored with a novel beam projection system. 
This work provides data concerning the origin and expected output of the two effects. 
From this the likely impact on the many underwater optics applications can be 
assessed. Some ideas for potential uses of the effects and/or methods for minimisation 
are discussed. 
2 
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2 Literature survey 
This chapter contains references to a broad range of subj ects from beam attenuation to 
underwater imaging and Raman spectroscopy to marine aquarium maintenance. This 
seemingly unrelated collection of disciplines is essential to the common thread of 
laboratory-based underwater beam investigation. 
Starting with some basic ecological information his chapter goes on to tackle optical 
and oceanographic information necessary to a study of light underwater. Elastic 
scattering and absorption are discussed for pure water and seawater, including the 
contribution of suspended and dissolved matter. Other optical properties of water are 
also presented including refractive index and its relationship with salinity and 
temperature. 
Work involving high power lasers can be seen including associated Raman inelastic 
scattering and thermal lensing. These are non-linear phenomena known to occur in 
water from the action of high power pulsed and continuous wave lasers respectively. 
The complex hydrogen-bonded structure of liquid water is outlined and progress is 
shown on determining the exact nature of the bonds. 
As an important application of underwater beam transmission, imaging is reviewed. 
Basic scaling techniques, lidar (light detection and ranging or laser radar) and 
wholefield imaging systems are discussed. 
2. 1 Marine ecology 
To conduct rigorous experiments in the laboratory it was important to maintain water 
samples as optically stable as possible, over the duration of an experimental period 
(typically two weeks). Although macroscopic components cannot reasonably be 
transported (e.g. fish and seaweed), water samples are not filtered and thus expected 
to contain smaller particulates (less than Imm3 volume). Since natural waters, coastal 
in our case, contain many biological components within this size range, it is important 
3 
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to understand how they might behave when installed in the laboratory environment. 
Suitable treatments to achieve optical stability can then be implemented. 
2.1.1 The natural environment 
Marine environments maintain their water chemistry (organic and inorganic 
compounds) in dynamic equilibrium. The balance is maintained by a complex set of 
chemical and biological reactions. A full understanding is not required for this project. 
Moe [1992] gives further information. 
As a starting point, the trends that will occur In an untreated tank of seawater, 
maintained at room temperature, containing living organisms are listed(see Table 1). 
Element Natural trend in system water 
turbidity Increase 
temperature variable 
pH decrease 
redox potential decrease 
salinity Increase 
oxygen decrease 
ammoma Increase 
nitrate Increase 
nitrite Increase 
.2hos~hates Increase 
carbonate ions (hardness) decrease 
calcium decrease 
copper decrease 
carbon dioxide Increase 
total organics Increase 
trace elements decrease 
bacteria Increase 
Table 1 Water quality trends in a closed seawater system [Moe 1992]. 
This is not a quantitative assessment, but changing turbidity will affect optical 
irradiance measurements. Also the change in dissolved ion (Na+, W) and molecule 
(02) concentrations will influence spectroscopic data for Raman scattering 
experiments [Collins et al 1984]. Monitoring and control of these parameters is 
therefore important. 
4 
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2.1.2 Conventional maintenance techniques 
Conventional artificial systems are designed to keep specific marine organisms alive. 
These typically involve a combination of aeration, water movement, filtration and 
appropriate lighting [Moe 1992]. Additional systems can include sterilisation (with 
UV light) and chemical dosing. These will maintain a sample of water chemically and 
biologically but do not address optical stability. Mechanical filtering, for instance, 
will be inappropriate for any but the clearest natural water samples. Therefore 
conventional techniques must be applied carefully and new regimes may be required. 
2.2 Measurements of pure water at low optical 
power 
Although turbid water samples are of primary importance it is necessary to understand 
some parameters of pure water. We are also interested in practical aspects of 
measurement taking. Low power, in this context, means below the threshold for 
stimulated scattering processes and thermal effects. 
2.2.1 Absorption 
This can be measured using a transmittance meter. It is important for as much 
scattered radiation as possible to be excluded from the meter. Thus only the monopath 
(direct unscattered) light, minus the absorbed component, will be received. Scattering 
onto the detector will give a higher transmittance value than is actually the case. 
Buiteveld, Hakvoort and Donze [1994] investigated previous authors work (including 
Smith and Baker [1981]) and combined that with their own experimental results, 
using the diffuse light field produced by incident solar radiation. They produced a 
table of modified estimates showing the wavelength dependence of absorption and 
scattering. This is of interest because in many applications it is desirable to operate at 
the wavelength of minimum absorption. 
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Proposed absorption, scattering and attenuation coefficients for 
pure water at 20°C from Buiteveld et al [1994]. Temperature compensation is 
achieved by adding the temperature increment to the absorption coefficient: 
c = a + (aT(temp - 20 ))+ b. "temp" in degrees centigrade. 
It is important to note that pure water absorbs selectively with a region of minimum 
absorption in the blue (386nm). There is a single absorption maximum in the visible 
region at 750 to 760nm. Other absorption bands occur at harmonics of the 
fundamental frequency of molecular oscillation but are generally weak. In the infra 
red part of the spectrum scattering can be largely ignored as absorption predominates. 
Buiteveld et al [1994] also record temperature information so as to eliminate this 
variable from his absorption and scattering estimate. Thus in a table of proposed 
values Buiteveld et al [1994] include an absorption increment due to temperature (m-
1oC-I). Pegau and Zaneveld [1994] also look at temperature dependence of the 
absorption coefficient. These results are included in Figure 2.1. Pegau and Zaneveld 
[1994] attribute the large value for Lia/LiT at 715nm to the influence of the O-H 
6 
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vibrational overtone at 745nm. This non-linear contribution is dependant upon source 
wavelength but is not pursued any further in available literature. 
From Buiteveld et al [1994] (Figure 2.1) it can be seen that scattering coefficient 
decreases as wavelength increases. Thus attenuation coefficient minimum (a + b) can 
be seen at about 390nm. This is the optimum wavelength for efficient light 
transmission through pure water. The "window" of pure water may be modified 
considerably by suspended and dissolved components found in other water bodies. 
2.3 Measurements of solutions and suspensions at 
low optical power 
Work has been conducted for many years in underwater optics. A large volume of 
research material has been generated in the area of transmission experiments and 
related studies. In this section work by various authors is presented to gain an 
understanding of all aspects of the problems faced in this project. The information 
displayed here includes data concerning properties of pure water and solutions. 
Engineering design of experimental equipment is discussed; some applications of 
lasers in seawater are also examined. 
Various techniques have been used to assess apparent properties both in the laboratory 
and in naturally-occurring water sources. Ierlov [1976] and others [Smith and Baker 
1981, Kirk 1994] have collated much data. Authors have also looked at relationships 
between inherent [Kirk 1994, Smart 1992] and apparent [McCormick and Hojerslev 
1994] properties. Measurements have been made using sunlight [Morel and Gentili 
1993] or artificial sources [Koeppen and Walker 1975]. There have also been 
developments in transmission theory [Maffione, Voss and Honey 1993]. 
Scattering and absorption by sea water arises from two sources: 
• molecular interactions in pure water (as discussed in Section 2.2.1) 
• dissolved and suspended particles of many different sizes and shapes within the sea 
water 
Therefore seawater must be seen as a polydisperse assembly of randomly orientated 
irregular particles which are capable of absorption. 
7 
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2.3.1 Absorption 
• absorption by pure water: affected only by temperature and pressure 
• absorption by suspended particles: affected by particle size, distribution and 
material 
In the visible region, sea salts do not appear to contribute to absorption as can be seen 
in Smith and Bakers's [1981] record of data from many sources of both fresh and 
seawater. Usually the change of optical properties in natural waters relative to pure 
water is due to the presence of suspended matter [Evans, Klepsvik and Bjarnar 1998 
and Han]. Han and Rundquist [1994] measure optical properties from the diffuse back 
scatter of solar optical radiation from an 80cm depth tank. 
Other components of natural waters are the by-products of dissolved organic matter. 
These are collectively known as "yellow substance" due to their yellow/brown colour. 
Absorption coefficient for yellow substance shows a trend of steady increase towards 
shorter wavelengths 
Absorption by particulates accounts for much of the wavelength selectivity of natural 
waters. The "window" of minimum absorption moves from 386nm for pure water, as 
shown by Buiteveld et al [1994] (Section 2.2.1), to over 500nm for some coastal 
samples [Smith and Baker 1981, Fournier 1994a, Sagan, Kowalczuk and 
Zajaczkowski 1993]. This is useful for choosing an underwater light source for 
maximum transmissive capability. 
2.3.2 Attenuation 
Beam attenuation (sometimes called beam extinction) is defined as the amount oflight 
extinguished from a beam traversing the medium, and is measured using an artificial, 
usually collimated, light source. 
8 
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From Beer-Lambert attenuation for a collimated beam is expressed as: 
Equation 1 
where: 
ILo = initial laser irradiance 
1\ = irradiance at r 
CL = (beam) attenuation coefficient of the medium at the laser wavelength 
r = path length through the medium 
Integrated across the beam area this becomes: 
Equation 2 
where: 
pLo = initial laser power 
p\ = final laser power 
attenuation coefficient (c) = scattering coefficient (b) + absorption coefficient (a) 
The product cr is sometimes called the optical density for path through a given 
system. 
The commercial transmissometers manufactured by "WETlabs" [Babin et al 2000, 
Davis, Stabeno and Cullen 2000] and "HOBIlabs" [Sosik and Morrison 2000, 
Dierssen and Smith 2000] are widely used in the optical oceanography community. 
However they are limited to beam paths up to 0.9m with optical power approximately 
O.lmW over 5mm diameter beams. This energy density may be sufficient to give 
measurements relevant to solar irradiance but will not provide any data on high power 
interactions. 
Okoomian [1966] records beam and diffuse attenuation at up to 50m and 32 
attenuation lengths with a pulsed green source. The propagated beam is non-circular, 
unfocused and has maximum divergence of 3 and 1mrad. He finds that the Beer-
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Lambert attenuation equation remams accurate for a 2° detector FOV, but his 
irradiance was less than 50% of the threshold for self-focusing measured here 
(Section 5.5.2). Also he did not examine focused beams. 
Sagan et al1993 found the optical window (wavelength oflowest attenuation) to be at 
525nm for Atlantic coastal waters (measured at mouth ofthe fjord). Beam attenuation 
coefficient, at this wavelength, varied from 0.35m-1 to 0.52m-1 depending on the depth 
of the sample. He could find no relationship between the mass of suspended sediment 
concentration and observed optical parameters. 
2.3.3 Advanced attenuation measurements 
In order to calculate scattering and absorption coefficients separately, the ballistic 
light must be measured exclusively. Spatial filtering can exclude any off axis beams 
but will allow some small angle scattered light to reach the detector. This will make 
the measurements inaccurate. Now, since the ballistic path is shorter than any other 
route, ballistic photons will pass through a turbid medium more quickly than any 
others. If the earliest-arriving photons from an input pulse can be sampled, whilst 
rejecting small-angle and large-angle-scattered photons, an accurate measurement of 
transmission can be made. This temporal filtering technique is known as range gating 
and is useful for point measurements and wholefield imaging. 
Wang et al [1995] and Mahon et al [1993] evaluated attenuation of highly scattering 
solutions using range gating techniques. They agreed that attenuation coefficients 
previously measured might be inaccurate due to the inclusion of small-angle scattered 
radiation. Wang et al [1995] found the traditionally-measured attenuation coefficients 
to be 35% too low. This must be considered, particularly in situations where 
scattering dominates over absorption. 
If Wang et al [1995] are correct, and scattering coefficients are generally 
underestimated, care must be taken with underwater scattering experiments that 
diffusive and snake photons are not being counted as ballistic photons. The extent of 
small angle scattering and multiple scattering onto the camera must be remembered 
for cw experiments. Whilst propagation and detection experiments may be unaffected, 
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imaging or coherent work certainly will be influenced by enhanced forward 
scattering. 
2.3.4 Coherence length 
Swanson and VanWinkle [1993] investigated coherence length with a cw argon-ion 
laser. The attenuating material was diatomaceous earth dissolved in distilled water. 
Swanson and VanWinkle [1993] found that maximum coherence length varied from 
approximately 20. Srn for an attenuation coefficient of o. 002m-I , to 2. Srn at 1.104m-I . 
This suggests that coherent techniques should be effective up to an attenuation 
coefficient of 0.5m-I , for a 4m tank, depending on the laser quality and amount of 
multiple scattering. Unfortunately Swanson and VanWinkle [1993] do not indicate the 
absorption contribution, which presumably does not affect coherence. 
2.3.5 Refractive index and relationships with other parameters in 
sea water 
There is a connection between refractive index (n), salinity and temperature. This is 
illustrated in Table 2. 
20 1.33844 1.33797 1.33715 1.33601 
25 1.33943 1.33892 1.33807 1.33691 
30 1.34042 1.33987 1.33899 1.33782 
35 1.34141 1.34082 1.33991 1.33873 
Table 2 Refractive index as a function of temperature and salinity at 
587.6nm from Jerlov [1976]. Pure water contribution (shaded) at 589.26nm from 
Harvey, GalIagher and Levelt Sengers [1998]. 
Jerlov's measurements are adjusted for wavelength differences between the two 
references (+0.0001 from Table 3). Also the capacity for dissolving oxygen decreases 
as temperature rises [Moe 1992]. 
Refractive index change with wavelength is more important with n higher at shorter 
wavelengths in seawater. Data collated by Jerlov [1976] has established refractive 
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index as a function of wavelength (see Table 3). Although dispersion amounts to only 
4% over the spectral range, this must be taken into account in scattering 
computations. 
Wavelength (nm) Refractive index 
250 1.3773 
308 1.3569 
359 1.3480 
400 1.3433 
434 1.3403 
486 1.3371 
589 1.3330 
768 1.3289 
1000 1.3247 
1200 1.3210 
Table 3 dispersion of refraction (t = 20° c) 
2.4 High power cw effects - thermallensing 
When a cw laser beam is propagated through an absorbing liquid (solution or 
suspension) an unexpected time-dependant divergence has been seen [Anthore et al 
1982, Gordon et al 1965, Harrison et al 1997, Tomov and Rentzepis 1994]. The 
mechanism is known to be a function of localised water heating causing a fall in 
refractive index (see Section 2.3.5). Thus the beam is defocused and diffraction 
patterns can be seen in the far field [Marcano, DaCosta and Castillo 1993]. The effect 
behaves as an "inverse" graded index (GRIN) optical waveguide: for a typical GRIN 
fibre the refractive index will increase radially towards the axis. 
Thermallensing was recognised as early as 1965 [Gordon et al 1965] with absorbing 
liquid samples placed within a He-Ne laser cavity. More recently the near [Marcano 
1992] and far field patterns [Anthore et al 1982] have been studied using external 
liquid cells. Similar effects have also been seen in liquid films [Da Costa and 
Escalona 1990]. 
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Thermallensing in absorbing liquids may translate to a similar condition when using 
absorbing particles. Unfortunately there appears to be no work on this topic with 
respect to long path applications in natural waters (e.g. underwater imaging and 
communications). The referenced work comes from other fields with much shorter 
paths, sometimes as small as 3mm [Yu et a11998]. In addition only absorbing liquids 
have been addressed, not a suspension of absorbing particles. It could be erroneous to 
extrapolate this data into long path length imaging situations. 
2.4.1 Patterns 
Anthore et al [1982] propagated an argon ion laser output (514.5nm) through a cell 
containing a ferrofluid of cobalt in toluene. Other authors have seen similar results 
with Rhodamine 6G dye in methanol [Harrison et al 1997] and other dyes in silicone 
oil [Gousebet]. The beam was directed horizontally through the cell and the resulting 
pattern projected onto a screen. The pattern was seen to expand to a series of 
concentric rings, becoming more closely-spaced towards the centre (unlike an Airy 
disk diffraction pattern). The pattern then became flattened at the top to become semi-
circular. The pattern then continued to oscillate between these two conditions with a 
period of approximately 0.8 seconds. Other authors showing basically the same 
structure saw variations of this pattern. Marcano [1992] observed a static pattern 
(modified semi-circular) whilst Harrison et al [1997] saw a symmetrical ring structure 
and central dark spot (the beam was propagated vertically). Harrison imaged the 
fringes in the far-field according to Rayleigh's criterion: 
where: 
2 
D - 7rOJo R- A 
Equation 3 
DR = Rayleigh distance (from point of interaction to the screen) 
(00 = incident laser spot radius (at 1/e2 points) 
A. = laser wavelength 
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Other authors come from different research backgrounds and use many different 
conditions and terminologies, but the evidence suggests that these preVIOUS 
observations are all of the same mechanism. 
2.4.2 Modelling 
Attempts have been made at modelling the behaviour of this phenomenon from both 
optical and thermodynamic principles. Carter and harris [1984] compared various 
optical models finding a modified parabolic description to be most accurate. But this 
raises doubts since the laser beam shape is Gaussian not parabolic in intensity (and 
thus refractive index change). Marcano [1993] believed that a liquid film model was 
applicable to the larger volume case, asserting that the near field "ring-of-focus" was 
proof. This does not adequately describe the phase changes anticipated with refractive 
index variations in the water. 
Perhaps because of the small cells used, limiting water movement, existing work does 
not appear to attack the problem from thermodynamic principles. The models only 
assess the optical behaviour without trying to address the possibility of conduction or 
convection. So there are gaps in the understanding of this phenomenon, both as a 
coherent optical model and more thermodynamic analysis. 
2.5 High power pulsed effects - Raman scattering 
Raman scattering is the result of an inelastic collision between a photon and a particle. 
An energy transfer between the particle and photon leads to absorption of the photon 
and emission of another. The frequency of the emitted photon can be lower (a Stokes 
transition) or higher (an anti-Stokes transition) depending on the physical properties 
of the particle. This frequency shifting mechanism has many optical applications 
[Mahon et al 1993, Klewitz et al 1996, Fields, Popp and Chang 1996]. The 
spontaneous transition is useful for temperature measurement of the Raman active 
medium [Collins et al 1984]. When stimulated (by using a high-gain medium or a 
cavity) a Raman source can provide a high-gain light output at frequencies difficult to 
achieve through other means [Moon et al 1997]. 
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The importance of Raman scattering as a non-contact measurement tool has been well 
documented [Freeman 1974]. Spontaneous Raman spectroscopy is an important 
technique in oceanic studies [Leonard et al 1979]. Raman scattering is generated by 
sunlight in water, influencing oceanic colour measurements [Marshall and Smith 
1990]. Using a laser source, induced Raman scattering has been used to examine 
water structure with respect to temperature [Collins et al 1984, Walrafen 1967a, 
Becucci et al 1999]. 
A high-power pulsed pump source (eg Q-switched Nd:YAG) can produce stimulated 
Raman scattering. Solids [Klewitz et al 1996], liquids [Moon et al 1997] and gases 
[Krylov et al 1996] at high pressure have been used as Raman generators, giving 
tuneable coherent radiation with and without a resonator. The high output at Stokes 
frequencies has been used as an optical amplifier for medical imaging applications 
[Mahon et al 1993]. At higher pump powers still, other non-linear effects are seen 
including laser-induced breakdown (LID) [Yui, Kitamori and Sawada 1999]. 
2.5.1 Spontaneous Raman scattering in water 
At the lower end of the pump irradiance scale, it has been well established that there 
is significant oceanic inelastic scattering of sunlight, in the form of spontaneous 
Raman scattering [Bartlett et al 1998]. This can affect the in-water optical spectrum 
and must be accounted for in ocean colour measurements [Marshall and Smith 1990]. 
It is even thought that the scattered light may be essential for regulating the 
metabolism of plankton. With mercury lamps and cw laser sources, spontaneous 
Raman scattering has been induced in water for the purpose of measuring temperature 
and salinity [Warafen 1986b, Becucci et al 1999, Collins et al 1984]. At higher pump 
powers, using pulsed lasers, similar techniques have been used remotely from aircraft 
[Leonard et al 1979] to obtain water temperature profiles down to 30m. To optimise 
the depth penetration of the system, pump and Stokes frequencies (440nm dye laser 
and 520nm respectively) were chosen to be as close to the visible absorption 
minimum of clear ocean water. Leonard et al [1979] also proposed that the turbidity 
of the water could be measured with this system. 
Various authors have studied the spectral characteristics of spontaneous Stokes 
radiation using the discrete bond energy model. Different transitions have been 
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observed and identified as molecular oscillations. Collins et al [1984] listed the 
Raman vibrational modes in water, and measured the symmetric (isotropic) and 
asymmetric (anisotropic) components, comparing the data with that of Scherer, Go 
and Kint [1974]. These are shown in Table 4. Collins et al [1984] used an excimer-
pumped dye laser at 460nm with pulse energy of ImJ over 20ns. This was circularly 
polarised and focused into a temperature-controlled cell containing distilled water. 
The output was collected on axis and linearly polarised again. An analyser was used 
to measure the orthogonal components of the Raman spectra. 
Collins et al [1984] linearly polarised the Raman output with a quarter wave plate. A 
linear polarisation analysis was then used at two orthogonal positions corresponding 
to the principal polarisation axes of the incident light. This varies with temperature 
but the data is inconsistent. Circular depolarisation ratio is better for temperature 
measurement [Collins et aI1984]. 
Symmetric Asymmetric 
stretch bendinK stretch 
Scherer I Collins I Walrafen Scherer I Walrafen Scherer I Collins 
Tetra co- 3215 3140 3225 1640 3455 3380 
ordinated 3400 3280 3425 
water 
molecule 
Tri co- 3545 3520 3635 3612 
ordinated 
water 
molecule 
Table 4 Intramolecular Raman vibrational modes in water from 
Scherer and Walrafen at 10°C and Collins at 10.77°C (data in cm-I). Note that 
Walrafen's data is assigned to the nearest mode consistent with Scherer. 
The spectral width of the combined components was found to be 20nm (FWHM). On 
a wavenumber scale the broad cum of transitions stretches from approximately 2800 
to 3800cm-1. The highest magnitude contribution to the Raman spectra was made by 
the symmetric stretch mode of the tetra co-ordinated molecule. It can be seen that 
Collins et al [1984] and Scherer et al [1974] found different values. The reason for the 
discrepancies in frequency shift measurements is not explained. Clearly temperature 
changes will influence the molecular vibration frequency, but it is thought unlikely 
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that a 0.77°C temperature difference could be responsible for differences of 100cm-l . 
Neither author gives the irradiance ofthe "pump" beams. 
For studies of solar Raman scattering in oceans it is usual to refer to the two 
symmetric stretch modes as 3215 and 3400cm-t, to avoid confusion [Marshall and 
Smith 1990, Scherer et a11974]. This notation will be adopted here. 
Hydrogen bonding interrogation 
Various terminiologies have arisen to indicate the degree of hydrogen bonding: 
polymer and monomer [Leonard et al 1979]; lattice and free [Walrafen 1967a]; tetra 
and tri-coordinated [Collins et al 1984]. These all refer to the same two states: tetra 
co-ordinated water molecules (lattice water) have the maximum of four hydrogen 
bonds to adjacent water molecules. Tri co-ordinated molecules have one unbonded 
hydrogen atom. Changes in temperature and amount of dissolved substance (e.g. 
NaCl) can alter the extent of hydrogen bonding and thus the ratio of the water states. 
Raman scattering is a useful technique for investigating the hydrogen-bonded nature 
of liquid water. The exact nature and degree of these bonds is still in dispute, but it is 
known that hydrogen bonding affects the inter-atomic spacing and covalent bond 
lengths. This changes the O-H oscillation frequencies, varying the Raman spectral 
output. 
Walrafen [1989] says that the strong modes are at 3390 and 3215cm- l . He believes 
that the latter comes from symmetric stretches of five H20 molecules in a hydrogen-
bonded tetrahedral arrangement (tetra-coordinated), and is highly polarised. The 
3390cm-1mode involves the loss of this relationship, with one hydrogen atom being 
unbonded (tri-coordinated water). This is known as the two-state model of water. 
Increasing temperature will cause breaking of hydrogen bonds and an increase in the 
tri-coordinated mode. 
The frequency difference between the modes is 175cm-t, which is a mode involving 
0-0 stretching. This would couple strongly with the corresponding O-H stretch mode. 
Thus Walrafen [1967a] anticipated that one transition might be a two-phonon opto-
acoustic mode; probably 3215cm- l . 
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Walrafen, Hokmabadi and Yang [1986] take spectral measurements with water 
temperature further, finding an isobestic point in the spontaneous· Raman output 
(stretching region ~3400cm-1). They believe that measurements of this, at different 
polarimetric configurations, define the hydrogen-bonded nature of liquid water. It is 
stated that the exact isobestic is evidence of the two-state model (distinct hydrogen-
bonded and non-hydrogen bonded conditions). 
Zhukovski, Shurupova and Zhukovski [1995] believe that there are no distinct states 
according to the degree of hydrogen bonding water, rather that there exists a 
continuum of distributed bond energies (in the liquid state). The argument is 
unresolved. 
Raman output changes with water temperature 
Changes in hydrogen bonding with temperature have led to the use of (spontaneous) 
Raman scattering as a measurement tool. The technique can also be used to measure 
salinity (with different constants), but will not work for both parameters 
simultaneously, as the two variables cannot be separated. Scherer et al [1974] 
presented data giving the spontaneous Stokes output ratio measured between two 
transitions. The maximum sensitivity was measured between 3560 and 3180cm-1. This 
is related to temperature by (ignoring salinity considerations): 
R= 13560 = (5.6xlO-3 r)+0.56 
13180 
Equation 4 
Where h560 and 13180 are irradiance measured at 3560 and 3180cm-1 Raman shift 
respectively and T is measured in cc. 
Walrafen [1967a] took a different approach; measuring irradiance at each of the four 
peaks found in his analysis. Comparing the two strongest lines we find: 
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R=13435 = (3.5xlO-3 r)+0.85 
13247 
Tbor Slater 
Equation 5 
The consistency ofWalrafen's [1967a] data is not as high as Collins et al [1984] or 
Scherer et al [1974]. Both relationships are difficult to use in practice since the 
frequencies at which the ratio is. to be measured must be chosen carefully from the 
broad transition observed. Becucci at al [1999] arrive at a similar expression using a 
two-Gaussian fit to the spontaneous Raman signal. Increasing temp and salinity both 
linearly-increase the ratio of two Gaussian components. 
R = [8.7 x 1O-3(r - 21)]+ 1.5 Equation 6 
Cw and pulsed sources are used, but only a limited amount of data is taken for the 
stimulated case (high pulse energy). No ratio inversion is seen and Becucci et al 
[1999] believe that a linear relationship of ratio vs. temperature is still accurate. 
The origin of this ratio is believed to be hydrogen bonding changes between tetra and 
tri coordinated water molecules. As temperature increases, hydrogen bonds are broken 
and the transition from tri-coordinated water dominates. 
Comparing equations 1 to 3, the temperature coefficient varies by 23% and the 
constant term by 50% (from the mean). This may arise from finding a ratio between 
different frequencies in the broad Raman transition, whether by fitting Gaussian 
components or measuring at fixed frequencies. A method of more easily identifying 
spectral regions to measure ratios could help consistency between instruments. The 
finer resolution of SRS peaks, over the spontaneous output, may give this. 
2.5.2 Stimulated Raman scattering 
At higher pump irradiance stimulated Raman scattering (SRS) is possible. Wang 
[1969] has proposed a threshold of of 1011Wm-2 for SRS in a gas, higher for a liquid. 
Frequency doubled Nd:YAG lasers are typical pump lasers for SRS in water because 
of an operating wavelength (532nm) within the transmission window of most waters 
(see section 2.3.1). The Raman scattering cross section of water at this wavelength is 
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approximately 6x 10-30 cm2molecule-1 sr-I [Faris and Copeland 1997]. The output at 
Stokes frequencies typically depends exponentially on the pump irradiance and cell 
length [Yui et al 1999, Bloembergen 1967]. Pump sources are usually pulsed and may 
be focused to generate the high irradiance required. Multipass cavities are also 
employed for more efficient Raman generation [Battle, Wessel and Carlsten 1993]. 
Stimulated Raman scattering has been produced from many pump sources and 
scattering media. For imaging through human tissue, a strongly scattering medium, 
SRS has been demonstrated as an amplification and range-gating tool. In this case the 
frequency-shifting medium consisted of 1m long cylinders of hydrogen gas at high 
pressure [Mahon et al 1993]. Using 400fs pulses from a Ti:sapphire laser frequency 
doubled to 390nm SRS has been seen at 70% of the transmitted pump pulse (to the 
first vibrational Stokes component) [Krylov et al 1996]. No efficiency figures have 
been found for water as a pumping medium for SRS. 
Water has been used as an SRS generator before, but has not been considered as a 
source of high power radiation, to the authors' knowledge. SRS output from water 
usually comes through amplification of the two strong gain modes at 3215cm-1 and 
3400cm- l . Using external seeding, weaker Raman modes have been amplified by 
700% [Fields, Popp and Chang 1996]. Although normally seen in the transient (pulsed 
input) pumping regime, SRS has also been achieved with cw pumping through the use 
of high Q cavities [Peterson, Gavrielides and Sharma 1999]. Stimulated Raman 
scattering has not been used as an analytical tool, perhaps because of the pump action 
modifying the water properties. 
It has been found that when a very high pump irradiance is used, above 4xl015 Wm-2, 
the power density is enough to induce breakdown of the water [Yui et al 1999]. 
Experimenting below this level, Yui et al [1999] found the SRS output to be 
exponentially related to pump irradiance. Above 4x1015 Wm-2 a steep increase and 
spectral broadening were observed. Yui et al [1999] believe this to be a function of 
the onset of self-focusing and other related non-linear phenomena. 
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Bloembergen [1967] describes the generation of stimulated Raman thus: 
Equation 7 
where: 
IS) ::::: stimulated Stokes irradiance (after interaction length 1) 
IS 0 = spontaneous Stokes irradiance 
gS = Stokes gain coefficient (including damping terms) 
= interaction length 
ThorSlater 
The gain coefficient is a product of parameters including water (Raman cross section 
and others) and pump electric field strength (itself proportional to pump irradiance). If 
temperature and pressure remain constant, so will the other water parameters. For 
SRS from an attenuating medium, where the Stokes attenuation term is separated 
from other water parameters: 
Equation 8 
where: 
IL = laser pump irradiance (from Equation 8) 
w = parametric constants for water, at a gIven temperature and pressure 
(including temperature, refractive index and scattering cross-section) 
CS = attenuation coefficient at the Stokes wavelength 
The product ILl describes the interaction region where pumping of SRS will occur. 
Bloembergen's [1967] treatment is straightforward to solve only for a collimated 
beam with no absorption of pump laser or Stokes beams. If a focused beam is used in 
a turbid media, irradiance will vary along the beam. This will affect the interaction 
length and attenuation factors. Also the treatment does not take into account any self-
focusing effects that may be present. Thus there is a need for a method of more easily 
determining pump beam parameters, including interaction length, for various beam 
geometries from focused to diverging. 
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SRS by self-focused filaments 
Using pump beams with irradiance supposedly too low, SRS has been witnessed by 
filament action. This occurs through the self-focusing of a propagating pump pulse 
arising from the non-linear refractive index of water [Bloembergen 1967]. 
It is known that water has a power-dependent non-linear refractive index component. 
For a transmitted beam with a Gaussian intensity profile a degree of self-focusing will 
be generated. At the high irradiance levels possible with pulsed lasers, it is possible to 
reach the critical power (Per), defined as the point at which self-focusing balances 
divergence. At this stage the propagating beam can generate small self-focused 
paraxial waveguides within the beam known as filaments. These filaments form for a 
short period, approximately lO-1Os, and can have a range of diameters from 1 to 60llm. 
Peak irradiance in smaller filaments can be several orders of magnitude higher than 
the surrounding pump beam. Filaments occur above the critical power, for a 
collimated beam, defined by Bloembergen [1967] as: 
p = 5.763A?C 
er 16 3 7r n2 
Equation 9 
where: 
Per = critical power 
A. = laser wavelength 
c = speed of light 
n2 = non-linear refractive index of water 
SRS and other non-linear processes may be generated within these self-propagating 
filaments. 
SRS as a source 
SRS is often used as a source in its own right (coherent imaging or radiation at 
wavelengths hard to achieve by other methods). Krylov et al [1996] and Niggl and 
Maier [1997] have achieved conversion efficiencies of 70% and 60% respectively 
(percentage of transmitted pump beam) with a hydrogen pump medium. Moon et al 
[1997] were able to tune the SRS using a sinusoidally modulated water cylinder as the 
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generator. The 532nm Nd:YAG pump beam was propagated orthogonally to the 
cylinder and diffraction effects influenced the Stokes output. Conversion efficiency 
was not given. Klewitz et al [1996] studied tuneability of SRS in crystals. The regular 
structure enabled frequency shifts by varying the pump beam angle, a course which is 
not open to us. Enhanced tuneability would improve the usefulness of SRS as a 
coherent source. 
2.6 Underwater imaging 
An important underwater optical application, imaging combines advances in sources, 
projection and detector technology [Caimi 1996]. The common aims of any system 
are to obtain detailed surface andlor range information from objects located in a 
scattering and absorbing medium. Optical imaging is chosen over acoustic methods 
because of the higher resolution possible [Jaffe and Zege 1998]. There are many uses 
for imaging through water including lidar (light detection and ranging) for collision 
avoidance [Anderson, Howarth and Mooradian 1978], bathymetry [Gordon 1993, 
Evans, Klepsvik and Bjarnar 1998] and ROV (remotely operated vehicle) vision 
[Hittleman et al 1975]. Imaging outside the visible range, such as infrared remote 
temperature measurement, is receiving attention [Becucci et al 1999]. The increasing 
power of desktop computing is now stimulating the modelling of underwater imaging 
situations [Dunn and DiMarzio 1996, Hebden 1994, Jaffe and Zege 1998]. 
In this section some of the key elements of various imaging systems are examined. In 
addition to imaging through turbid water the similar task of imaging through human 
tissue is also reviewed. I am interested in finding areas in which a rigorous study of 
optical propagation might improve range or image quality. Image quality can be 
defined by the parameters contrast, resolution and noise. The importance of each 
contribution will depend on the application. 
Most imaging systems can be grouped into either point or wholefield categories. The 
former consists of a projection system and a point detector from which an image is 
constructed electronically. Large area illumination and some kind of array detector 
define the latter group. Thus an entire two-dimensional image may be captured 
simultaneously. Each system has advantages and disadvantages. 
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2.6.1 Light sources 
Lasers are accepted as superior underwater sources to conventional floodlights for 
several reasons: 
• Intense, directional output - high optical efficiency of light onto the target. 
• High monochromacity (narrow bandwidth) - allows frequency-selective filtering 
at the camera to reduce noise. Appropriate selection can also coincide with 
absorption minimum of water. 
• High linear polarisation - polarisation discrimination techniques [Cariou et al 
1990, Tyo et al 1996]. 
• Temporal coherence - interferometric techniques [Petzing Tyrer and Oswin 1996, 
Swanson and VanWinkle 1993]. 
• Spatial coherence - suitability for diffractive beam shaping [Noden et al 1998, 
Haist, Wagemann and Tiziani 1999]. 
Also for pulsed lasers: 
• Temporal and range resolved techniques [Wang et a11995]. 
Wavelength remains an important lssue for light source selection. Where it is 
important to have maximum transmission, lasers are chosen in the blue/green range to 
coincide with the window of lowest absorption (see Section 2.3.1). Although 
scattering will decrease at longer wavelengths, this is outweighed by the sudden 
increase in absorption. 
Continuous wave lasers 
The argon ion laser is well established in underwater studies having two output 
wavelengths, 488 and 514. 5nm, that are close to the absorption "window" of most 
natural water bodies [Evans, Klepsvik and Bjarnar 1998]. It is used in situations 
where a high power cw output is needed and/or the bulky size and high power 
requirement (often a three-phase supply) are not a problem [Gordon 1993]. These 
lasers are now less common for higher power applications due to the smaller size and 
lower power requirements of the latest pulsed lasers. However semiconductor lasers 
provide cheap sources with a limited power output for smaller tasks [Costello, Carder 
and Hou 1992]. 
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Pulsed lasers 
The frequency-doubled Nd:YAG laser is popular for several reasons: an output of 
6.5J.!l is available at 1kHz or up to 140mJ at 10Hz and 532nm [Evans, Klepsvik and 
Bjarnar 1998], in the region of minimum absorption for many waters. Also, only a 
single-phase power supply is typically needed, making the laser more suitable for 
work outside the laboratory. The high repetition rate means improved real time 
imaging because many images can be averaged to produce one video frame thus 
reducing noise [Evans, Klepsvik and Bjarnar 1998]. Recent advances in frequency-
doubled diode-pumped Nd:YAG (also Nd:YLF, Nd:glass 527nm) lasers means that 
they are cheaper and have benefits in low power consumption and small size. The 
primary disadvantage of diode pumped lasers is having lower pulse energy than that 
achievable with flashlamp pumping. 
In medical imaging, where the problem is extremely high scattering from human 
tissue (c~104m-l), shorter pulses are advantageous. Also, being laboratory based, size, 
robustness and power requirements are less stringent. With a pulse length down to 
80fs some authors have found the Ti:Sapphire laser to be appropriate [Bruce et al 
1995]. 
2.6.2 Beam shaping and illumination geometry 
Beam shaping systems are strongly application dependent. To facilitate comparisons 
they are broken down into two basic categories: scanned point and wholefield 
techniques. 
Point and line scanning 
A laser output is ideal (cw or pulsed) since often no focusing elements are needed 
[Gordon 1993, Evans, Klepsvik and Bjarnar 1998]. For one-dimensional scanning, 
where velocity through the water provides the second dimension, a single 
galvanometer-mounted mirror or multi-faceted rotating mirror is typical. A rotating 
mirror is mechanically simple but not adjustable for scan width and linear scan speed 
will be faster at the edges than the centre of the target. Two-dimensional scanning can 
be achieved with two galvanometers mounted orthogonally to each other. Complex 
control systems can achieve constant linear scan speeds but system performance will 
be constrained by mirror inertia. The main advantage of point systems is the high 
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irradiance possible at individual points on the target. No information concernmg 
possible non-linear effects, arising from high irradiance beams, has been found in the 
literature. 
Liu et al [1998] developed an improvement on basic point techniques. They suggested 
that viewing distances could be increased by accurately collimating and focusing the 
beam onto the target. Using a combination of convex and concave lenses, with a 
calculated spacing, the spot size could be minimised for any viewing distance. This 
does however increase the complexity of the system since motorised lens platforms 
would be needed in any automatic system. 
Line scanning is a variation using a scanned stripe across the field of view. Tetlow 
and Spours [1999] designed a system to illuminate an underwater work site. They 
used virtual reality software to construct a three-dimensional environment to enhance 
the visual information available. The laser source was a 532nm cw diode-pumped 
Nd:YAG producing 100mW. The system shows good dimensional accuracy at small 
stand-off distances and low turbidity, but errors rise to approximately 10% for 2.8m 
stand-off and attenuation coefficient of 0.55m-l. 
The principle advantages of all these systems is their ability to combine three-
dimensional image information, dependant upon camera to illumination source offset, 
with low backscatter volume due to the narrow beams. Disadvantages include the 
time taken to complete a scan and shadowing imposed by the illumination offset. 
Wholefield illumination 
The usual aim for wholefield illumination is to achieve a constant irradiance across a 
target, within the camera field of view. To do this approximately, the laser beam can 
be expanded so that a central portion of the beam illuminates the target with an 
approximately constant function. If the imaging system uses a zoom lens (variable 
focal length) the laser output can be varied to match. 
The irradiance available at the target will be lower than for a point technique using an 
identical source. The difference will depend on the number of pixels used to construct 
an image. This may mean that maximum range of whole field system is lower than for 
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point-based imaging. The compensating factor for wholefield imaging is that frame 
acquisition rate can be higher. So wholefield techniques may be better for moving 
objects or a mobile system. 
Spatial light modulator and diffractive optical elements 
More sophisticated shaping of the output beam will require masks (which are 
inefficient) or a diffractive element. A type of element known as a kinoform is 
becoming more common in materials processing, where manufacturing speed and 
quality can be improved with tailored beam shape and irradiance [Noden et al 1998]. 
A kinoform is a computer generated two-dimensional array of phase values. This can 
be transferred to a substrate as a relief pattern, with a suitably reflective coating. 
These reflection diffractive optical elements are designed to produce very specific 
high-efficiency single order irradiance distributions. They have provided high 
efficiency beam shaping of C02 lasers for heat treatment of metal parts requiring 
complex irradiance profiles [Noden et a11998]. 
Haist et al [1999] showed that high power pulsed beams can be shaped by a 
kinoforms displayed on a liquid crystal device, sometimes known as a spatial light 
modulator (SLM). This gives a lot of flexibility in possible real-time output 
variations. An SLM-based system might combine the advantages of point and 
wholefield techniques. Current SLMs are limited in transmission and diffraction 
efficiency. This may be as low as 2.3% of input light available at the strongest 
diffracted order [Haist et al 1999]. However this is down to construction technology 
which is improving quickly. The author anticipates that SLM technology will 
challenge conventional lens based systems. 
2.6.3 Detectors 
Imaging is an extremely broad collection of disciplines. The overall linking factor is a 
need for some sort of wholefield information. This may be captured point by point or 
simultaneously as a two-dimensional array. 
Point 
Photodiodes have been used with cw lasers to measure reflectance of a scanned 
surface [Gordon 1993]. Response time and dynamic range are selected according to 
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scan rate and laser power. If pulsed lasers and fast detectors (where device rise time is 
much lower than pulse length) are used, time of flight measurements can be recorded 
to give range to the object as well as reflectance. Depth resolution down to 50mm for 
one shot and 5mm for one hundred shots has been achieved independent of distance 
[Evans, Klepsvik and Bjarnar 1998]. Care must be taken not to confuse late-arriving 
scattered light with a more distant object. 
Fast detectors and modulated lasers are also used for "wireless" data transmission at 
up to lOMHz over 18 attenuation lengths [Snow et a11992]. 
Array 
Most systems use a form of two-dimensional CCD array. This may be cooled, which 
reduces noise but increases system size and complexity. To compensate for the low 
signal strength expected, some systems use intensifiers to increase the sensitivity up 
to one million times [Fournier 1994b]. Williams and Blouke [1995] suggested a novel 
CCD with performance comparable to that of an intensified conventional CCD but 
without the complexity. 
Streak cameras are used with range-resolved systems. Bruce et al [1995] use a camera 
with a temporal response function of approximately lOps, much smaller than the 
temporal features expected. A streak camera produces an image with one spatial and 
one temporal dimension (ie variations in an irradiance profile over a short period of 
time -400ps) [Mahon et al 1993]. This is useful for observing transient scattering and 
image-bearing features when using pulsed lasers. 
2.6.4 Imaging with scaling information 
There are several techniques that have been developed to enable quantitative image 
data to be recorded. Some are useful on their own for simple imaging situations. 
Others can be combined with more complex tools to tackle more difficult situations. 
If a floodlight and camera system is equipped with zoom optics for source and 
detector, a variable field of view (FOV) gives greater flexibility. However, absolute 
size measurement within the FOV becomes more complicated. This can be improved 
by including a reference measurement within the frame. Several authors have 
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experimented with this idea using spots projected by small lasers [Caimi 1993a and b, 
Caimi 1996, Tusting and Davis 1992]. 
Of the more basic structured lighting techniques Caimi [1993a] summarises some 
image measurement laser configurations. An example of these is perspective grids. 
Two lasers (usually helium neon, 632nm, or diode, 670nm) are mounted parallel to 
the cameras optical axis a known distance apart. The beams form a size reference on 
any image recorded. If three beams are used, one at an angle with respect to the other 
two, range to the target can easily be calculated. More recently automated systems 
have been designed to yield scaling and ranging data. An algorithm is applied to a 
captured frame, which then inserts metrological data onto that frame in real time. 
Caimi [1993a] states that ranging accuracies of better than 7mm can be achieved for a 
2m stand-off distance. 
The system is good for yielding basic information but is severely restricted by using a 
conventional light source for imaging. More advanced beam manipulation could 
measure range to a target, and then illuminate for imaging with a single laser source. 
The wavelength chosen by Caimi [1993a] (presumably for light weight and low cost) 
is appropriate for short range viewing since there will be less scattering than at a 
lower wavelength so the points observed will have greater definition and contrast. 
However absorption is too high, in water, for useful output at longer distances (above 
ten attenuation lengths) and a green or blue source will be necessary. If a laser spot 
can be focused onto a target using motorised lenses or a spatial light modulator (SLM) 
then an algorithm could be developed to control the laser and camera focusing 
automaticall y. 
2.6.5 Imaging with short-range three-dimensional information 
Moire fringes 
If a regular grating is projected onto a surface and then viewed through a similar 
grating at an angle to the first, fringes can be seen. These represent changes in target 
relief and are known as moire fringes. Caimi [1993 a and b] relates a design that uses 
a Michelson interferometer and argon ion laser to generate the projection fringes. To 
obtain a matched viewing grating the Michelson output is split. One set of fringes is 
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projected onto the surface of interest, the other onto a flat refence plane. Both planes 
are viewed with cameras and electronic image combination allows target image data 
to be seen only where it coincides with bright fringes of the refernce image. Caimi 
[1993b] demonstrates depth resolution of 5% of the image width for a real time 
imaging system in the laboratory. Stand-off distance is not given. Faster return of 
quantitative data can be realised if a neural network is employed. The network can be 
trained to recognise many different projection configurations and image types. Thus a 
complete automated inspection system is possible with the system notifying the 
operator if the measurements made are outside given parameters. Caimi [1993b] 
illustrates this with a pipe-dent recognition system. A 100% success figure is claimed 
for dent recognition. 
/ nterferometry 
Interferometry underwater is not used a great deal yet because of noise and coherence 
loss. However Swanson showed that coherence could be maintained up to 20.5m (in 
clear water - Section 2.3.4). Petzing used electronic speckle pattern interferometry 
(ESPI) to successfully study vibration characteristics of flextensional acoustic 
transducers at 2m (attenuation coefficient was not given). Interferometric techniques 
have yet to be attempted at greater distance or turbidity, to the author's knowledge. 
H%grammetry 
This is a technique whereby three-dimensional holographic images are recorded of a 
volume of water [Foster and Watson 1997]. These holograms can then be 
reconstructed in air, as a real image, where dimensional measurements can be taken. 
Holography is useful for recording detailed particulate and structure information in a 
non-intrusive manner. Care must be taken in the experimental set up to minimise 
optical aberrations that will affect the hologram accuracy [Hobson and Watson 1999]. 
Measurement accuracy can be very high (to 10~m) but small volumes (up to 150 
litres) mean it is limited in range. This is further restricted by the need for "relatively 
transparent" water. The technique is not suitable for real time imaging. The high 
powered pulsed lasers used (up to IJ) mean that non-linear effects including Raman 
scattering may be relevant. 
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2.6.6 Pulsed range-resolved imaging 
Using a pulsed laser and fast-reacting detector, time-of-flight measurements can be 
made. This can give distance and object relief information, on a point basis, in a 
technique known as lidar (or sometimes ladar - laser ranging and detection). When 
used with an array detector, temporal filtering, known as range gating, can enable the 
exclusion of earlier-arriving backscattered light. So far nobody has tried combining 
both techniques to gain wholefield three-dimensional imagery (the data processing 
requirement would be orders of magnitude greater than current techniques). 
Point techniques - lidar 
Originally conceived with a cw source, beam scanning gains more functionality when 
used with a pulsed laser and more sophisticated electronics. It also becomes simpler 
optically: because no offset is needed, transmitting and receiving can be achieved 
through the same set of optics. The image is constructed point by point, as for cw 
techniques. Pulsed scanning techniques will suffer similar drawbacks to cw except 
now relief resolution is approximately 50mm for a single pulse, 5mm for one hundred 
and is not range dependent [Evans, Klepsvik and Bjarnar 1998]. The depth of field is 
very large (providing the signal is greater than any scatter) because a fast detector can 
record the returning pulse shape and measure distance. So this technique is much 
better for measuring three-dimensional data at longer ranges. No information has been 
found relating to stimulated Raman scattering from the unexpanded illumination 
beam. 
Wholefield range gating 
In this arrangement the aim is to exclude the non-image-forming scattered photons 
from the camera. By opening an electronic gate when the returning pulse is expected, 
earlier backscattered and later forward-scattered light is rejected. For the system to 
function target range must be known and depth of field is traded off against scattered 
light rejection. Range gated systems are often coupled with image amplification 
techniques. This is because typically only a small amount of unscattered light will 
emerge from the scattering medium, which may be below standard CCD noise levels. 
Range gating depends upon a pulsed source and detector with sufficient temporal 
definition to differentiate between the image-bearing and scattered components. Laser 
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sources have pulse lengths from less than 100fs [Watson et al 1995] up to 7ns 
[Fournier 1994b]. There are two methods of range gating for wholefield information: 
electronic and optical. Electronic gating functions by using a camera with a fast 
electronic capture system (not a mechanical shutter) from 7ns [Fournier 1994b] down 
to 120ps [McLean et al 1995], coupled with an electronic delay to trigger it. Optical 
gating uses non-linear effects of certain materials to provide either an ultrafast shutter 
or to selectively amplify the image-bearing part of the signal (stimulated Raman 
amplifier). These techniques require a space-consuming optical delay and are more 
common in laboratory-based medical imaging. 
The advantage of electronic gating is the flexibility of the gating control. Adjustment 
of gate width and delay is done electronically so variations in target distance are 
easily accounted for. If greater depth of field is wanted, increasing the gate width at 
the expense of inclusion of more scattered light can also accommodate this. McLean 
et al [1995] showed results from experimenting with gating from 5ns to 0.12ns and a 
pulse length of 0.5ns. Contrast improvements are shown at the shortest gate widths 
and depth of field less than 50mm. 
An ideal system would consist of a wholefield arrangement with temporal resolution 
of at least O.lns but with the continuous acquisition currently only possible with point 
detectors. This would eliminate the need for accurate timing information to trigger the 
gate. The drawback is very high processing power necessary for high spatial and 
temporal resolution. 
The compact dimensions of an electronically-range-gated system make it suitable for 
ROV installations. 
2.6.7 Medical imaging - optical amplification 
This area of research is concerned with optical imaging through human tissue. The 
aims of this field are to develop a non-invasive technique for the identification of 
anomalous inclusions without resorting to ionising radiation. A primary application is 
the diagnosis of breast cancer. The technical challenge here is given by the highly 
scattering nature of the tissue. Whilst path lengths are short at approximately 40mm, 
scattering coefficients can be as high as b=104m-1 [Bruce at al 1995]. Work is still at 
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the stage of experimenting with artificial scattering solutions and animal tissue. 
Various authors have looked at the time-dependent diffusion equation application to 
tissue imaging [Hebden 1994, Michielsen, De Raedt and Garcia 1997]. 
Since this application is laboratory-based, equipment size is less of an issue than for 
underwater imaging. Thus optical gating or amplifying techniques could be used. One 
advantage of these over electronic methods is that gate widths can be smaller (5ps), 
dependent on pulse length used. Mahon et al [1993] used SRS as an image amplifier 
with tubes of hydrogen at high pressure as the Raman generator and amplifier. An 
alternative Raman medium could improve packaging and safety requirements of the 
system. 
One disadvantage of using optical amplification for studies outside the laboratory is 
the size of the equipment. Another is the fixed gate width. This is necessarily the 
same as the signal pulse width. 
2. 7 Other underwater applications 
There are many other underwater applications relying on optical techniques. Some of 
these may be affected by the work in this project. 
2.7.1 Data transmission 
Cableless optical data transmission has been studied for applications in areas such as 
ROV control. Von de Weid, da Silva and Sant'Anna [1993] demonstrated data 
transmission at 300 bits/s with a collimated circularly-polarised 15mW laser diode at 
660nm (red). The laser was chosen for its small size despite the higher absorption at 
this wavelength (c=0.9m-1). The experiment was laboratory based, but details of path 
length and water source are not given. Von de Weid et al [1993] extrapolated the data 
to suggest that communication is possible at 1.47xl04 bits/s over 20m (18 attenuation 
lengths) with a bit error rate (BER) of 1O-7s-1 given the equipment performance limits. 
Sari and Woodward [1998] investigate data transmission for voice communications. 
The BER is not measured but acceptable quality was found with a data speed of 2.4 
kbit/s. Optical output is again provided by a 660nm laser diode Further 
experimentation is perhaps required, particularly with source wavelength, if the 
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system is to be used for longer pathlengths. At that point, non-linear effects may 
become an issue. 
Snow et al [1992] anticipates data transmission at 108 bits/s over 10 attenuation 
lengths (10-9 s-1 BER) and up to 20 attenuation lengths for lower rates. A modulated 
argon ion laser (514.5nm) was used for data transmission. Tank tests were conducted 
at up to 45m, with sea trials at up to 10 attenuation lengths (approximately 20m). 
Pulse stretching tests were also conducted with a pulsed Nd:YAG (doubled to 
532nm). No stretching of an 18ns pulse was observed over 15 attenuation lengths. 
The output beams were collimated (diameter not given), and no variation in beam 
diameter or shape was attempted. 
2.7.2 Materials processing 
Residual compressive stress on a metal surface can be beneficial in resisting stress 
corrosion cracking. Sano et al 1997 used a pulsed Nd:YAG (doubled to 532nm) 
focused onto a metal surface underwater. Thel00mJ 5ns pulses caused high-pressure 
plasma to appear by material ablation. A shock wave is generated on the material 
surface which becomes permanently strained. If this is to become an industrially-
useful technique, efficient beam delivery and focusing underwater will be important. 
2.8 Conclusions from literature survey 
Underwater optics is a vast muItidisciplinary research area. This review has taken in 
fields such as oceanography, thermodynamics, Raman spectroscopy and advanced 
imaging. A range of underwater applications (ROV vision, lidar, ESPI, data 
transmission) has been seen, all of which rely on efficient beam propagation of visible 
sources. All of these techniques would benefit, to some degree, by increased power of 
the laser source. But there is a lack of data concerning experiments where high laser 
flux density is propagated over the long paths required. 
It has been seen that greater consistency in measurement standards and terminology 
would facilitate understanding across discipline boundaries. As such measured 
parameters for spectral attenuation are of interest for comparative purposes. However, 
the variation in water samples and experimental technique mean that it is important to 
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make self-consistent measurements pertinent to experiments (e.g. attenuation over 
long path lengths), in the knowledge that quantitative agreement with other authors 
will not be achievable immediately. 
Non-linearities such as thermallensing and Raman scattering appear not to have been 
seen in during beam transmission studies. However, research outside the ocean optics 
community has shown some of the effects associated with high power lasers in turbid 
media. Thermal lensing has been seen in the laboratory at relatively low irradiance. 
Expansion of the beam in the near field and diffraction patterns in the far-field have 
been seen but only studied at very short path lengths (IOmm) through absorbing 
media. Spontaneous Raman scattering is useful as an analytical tool in studies of 
water structure. Stimulated Raman scattering has been used as a light source and an 
imaging amplifier (for tissue imaging). Now these phenomena must be examined to 
relate the effects to situations relevant to the underwater optics applications described 
earlier. Thus less assumptions and extrapolations need be made in the future 
concerning multiple scattering and high power effects. A rigorous understanding is 
sought, such that the effects might be minimised or even optimised as required. 
There is also scope for developments in underwater imaging. Novel beam 
manipulation has been shown in materials processing both as single-image reflective 
units and addressable transmissive liquid-crystal devices. Their application to 
underwater beam propagation will be investigated after conclusions drawn from beam 
propagation studies. This could be of benefit to both wholefield and point techniques. 
Working in the ocean has the great advantage that water properties being measured 
must be genuine. However ocean-based experiments have the disadvantages of 
working with a dynamic medium requiring simultaneous results from all points under 
consideration. In addition there is the testing expense and complexity. Moving to 
laboratory experiments gives more control over environmental factors but introduces 
modifications to the water sample. This cannot be avoided since any transport and 
storage of the water will inevitably change it. But water has been maintained 
artificially from a chemical point of view. This will provide a reference set of 
techniques from which optical maintenance can be developed. 
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3 Experimental detail and implementation 
This chapter deals with the design and commissioning of the test facility. Attenuation 
measurements are shown demonstrating the value of the conditioning components. 
3.1 Introduction 
For optical experiments in the laboratory with many different water samples, a 
containment and test volume was needed. It was accepted that the organic properties 
of a volume of water, removed from its environment, would change due to the 
breakdown of the local ecosystem [Moe 1992]. Traditional requirements of water 
storage are to maintain high clarity and biological stability for aquaria. Here the aim 
was to use available conditioning components to produce a system that will maintain 
any given water sample in the optical condition it was found at source. The optical 
requirements are for reflective components to facilitate beam folding of pulsed and 
continuous wave beams. The output beam can then be imaged onto an appropriate 
detector. 
The first test tank was constructed from perspex and used proprietary optics mounts 
within to achieve (theoretically) 40m path lengths. There were several problems with 
this setup: 
• Optical access was limited to two 40mm diameter windows. 
• The tank was not rigid enough to support long optical paths. 
• Commercially available mounts, in steel and aluminium, were inappropriate for 
prolonged underwater testing, due to corrosion. 
So a new facility was built, including temperature control and monitoring, along with 
non-corroding optical mounts. 
3.2 Tank and support structure 
The core of the test facility is the environmentally-controlled tank. A new tank, 
designed by the author, allowed monitoring of temperature and other parameters 
whilst maintaining panoramic optical access in an "eye-safe" enclosure. The tank 
enables 10.80 field-of view measurements at 4m. For longer-range propagation 
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studies a system of rail-mounted multi-pass (x 10) reflective optics allows a theoretical 
pathlength of up to 40m to be achieved. The longest path achieved in practice was 
27m due to stability limits of the optics mounts. 
detector 
laser 
Static carrier 
Position of removable 
beam stop 
4m 
Moving carrier 
Figure 3.1 The long path length test tank: (a) top, (b) side, (c) end. Perspex 
optical shielding was mounted outside the glass surfaces. 
A feature of the environmental controls is the ability to maintain any temperature 
between 6 and 32°C according to water source and test type. To make a large 
temperature differential possible, between laboratory and tank contents, thermal 
insulation is essential, but not at the expense of optical access. To this end the 4m 
long tank was constructed with double-glazed units for the walls and lid for thermal 
insulation whilst maintaining good visibility. One end of the tank remained single-
glazed to minimise reflecting surfaces for the highest possible transmission. The 
sections are bonded together using silicone sealant (without germicidal compounds 
that might diffuse into the water). Surrounding the double-glazed units are removable 
Perspex shields, opaque to green light. These provide optical insulation, necessary for 
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eye safety, when highly scattering solutions or suspensions are present in the tank. 
Draining was by means of a hole in the tank floor at either end. 
Structural rigidity of the tank floor was important since the optical components were 
to be mounted to it and flexing was found be critical for optical alignment over such 
long distances. Therefore the tank assembly was mounted on a frame of aluminium 
extrusions (Alusett). Two primary spars ran under the length of the tank having a 
cross-sectional shape 100mm high by SOmm wide. Other extrusions formed support 
struts and legs. Threaded inserts above the feet enabled smaller angular changes in the 
tank attitude. A diagram of the frame can be seen in Figure 3.2. 
25mm 
expanded 
polystyrene 
lOmmMDF 
tank 
aluminium extrusion __ ~ 
structure 
levelling foot 
Figure 3.2 Diagram of the tank support structure in side and end elevation. 
The tank was mounted on 25mm thick expanded polystyrene and then lOmm medium 
density fibreboard (MDF). This is for thermal insulation and structural support 
respectively. MDF buttresses were mounted along the sides of the tank to reinforce 
the long glass walls. This means that no struts are required across the top (or inside) 
of the tank, which would impede access to the interior. The ribs also provide 
mounting slots for the Perspex shields. 
After the tank was filled, bubbles would form on the inside walls over the next twelve 
hours. These bubbles were wiped from the tank-input window to improve 
transmission characteristics. When water samples containing dissolved or suspended 
substances (natural or artificial) were present, a film of matter was seen to develop on 
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the inside of the tank walls. The transmission window was wiped at regular intervals 
to minimise transmission loss. 
For the investigation of cw thermallensing, a small test chamber was used (200mm 
long). This was used to create artificially high absorption where the smaller volume 
reduced amounts of absorber required. The setup is described in Section 4.2. 
3.3 Water samples 
Over this project duration, the emphasis changed from testing many different water 
samples to understanding non-linear effects in optical propagation. As a consequence, 
although the facility has been designed with flexible environmental systems, only two 
seawater samples have been maintained so far. The first was used in attenuation 
experiments to generate initial data about the non-linear phenomena. The second 
helped assess the performance of the water conditioning and facilitate some early 
trials of an experimental imaging system. Other experiments were performed with tap 
water samples to reduce time and financial requirements. The origin of each water 
sample is given with the test results. 
On cost grounds, both seawater samples came from the quay at DERA Southwell. The 
water was pumped into 100 litre barrels for the three hour journey to Loughborough 
where it was then pumped straight into the long-path optical tank. Modification of the 
water properties during transport is not known. To remove this uncertainty either the 
rig could be moved closer the source, or cooling during transit might be investigated. 
3.3.1 Artificial solutions and suspensions 
Thermal lensing was studied using a variety of suspension and solutions to enhance 
the process and give more easily-observable results. Black and clear glass spheres (1 
to 10/-lm diameter) replicated absorbing and non-absorbing particles. Also a red dye 
was added to provide a more homogeneous absorbing solution (see Chapter 4). 
For the imaging investigation, enhanced scattering was needed since the greatest 
camera to target distance possible was 4m, which was small in terms of attenuation 
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lengths. Glass spheres in the 1-1 O~m range were used to replicate biological scatterers 
[Gilbert and Pernicka 1967]. More detail is given in Chapter 6. 
It is understood that the above combinations represent a simplification of the complex 
and varied conditions to be found in turbid natural water bodies around the globe. 
However this work is the beginning of total propagation study and it was needed to 
simplify the situation initially to understand the fundamental processes. 
3.4 Lasers 
Both continuous wave (cw) and pulsed lasers were to be studied. Since long 
pathlength propagation was to be investigated, an important requirement was that they 
be spectrally close to the point of minimum absorption for seawater. The transmission 
"window" for pure water is at 386nm, but that generally moves to longer wavelengths 
(525nm - Sagan et al 1993) with the addition of biological components (Section 
2.3.1). 
The high power of the lasers raises some laser safety issues since the unattenuated 
beam emitted from the laser will bum through the perspex tank shielding in less than 
a minute. However the laser safety procedures, required that optical power of the laser 
must be turned down to >lOmW (low class 3B) during experimental set-up. All 
beams were terminated with stops, after their useful path length, before the laser was 
returned to test power. Whilst designed to minimise eye and skin hazards this will 
also remove the possibility of equipment damage. 
3.4.1 Continuous wave laser 
An argon ion laser was chosen as a cw source. It was a "Spectra-physics 171" and can 
give up to 4.5W at 514.5nm. Output at 488.0nm is approximately 75% of that at 
514.5nm. The unfocused beam diameter is 1.6mm at 1/e2 points for 514.5nm. Full 
angle beam divergence is 0.6mrad. The laser can generate other lines down to 
457.9nm with the standard internal optics but they were not used here. The other 
wavelengths may be useful for pure water because of lower absorption. The other 
lasing lines are considerably weaker, varying from about 35 to 10% of output at 
514.5nm. With the wavelength-selecting prism removed "all lines" output is possible, 
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which could be useful if spectral selectivity studies should be important for a water 
sample. 
3.4.2 Pulsed laser 
The pulsed laser choice was a "Continuum Surelite 11-10", flashlamp-pumped 
Nd:YAG frequency-doubled to 532nm. Pulse length is IOns (FWHM) and peak pulse 
energy is approximately 140mJ at a repetition rate of 10Hz. Divergence is 0.6mrad. 
After refraction at the air/glass/water interface this will fall to approximately 0.5mrad. 
3.5 Beam manipulation 
Reflective, refractive and diffractive optics were used in beam control. Conventional 
lenses were used for focusing and collimation both before and after beam propagation 
through the tank. Inside the tank two banks of reflectors (mirrors or prisms) enabled 
pathlengths of up to 27m to be used. In later imaging trials an electronically-addressed 
spatial light modulator (SLM) shaped the input beam for projection at 4m through 
turbid water. 
3.5.1 in-tank optics and mounts 
To generate large distances for propagation studies, a system of rail-mounted 
reflective optics allowed pathlengths of up to 27m to be achieved. The rails and 
mounts were manufactured in-house from polypropene and Perspex, with stainless 
steel fittings. Their corrosion resistance meant that they could be left in seawater for 
extended periods of time without oxidising (there are no commercially available 
carrier systems which can offer this). Fixed to the mounts were either 50mm diameter 
flat mirrors or 25mm x 25mm square-face 90° prisms. Up to nine prisms or mirrors 
were used to give ten passes through the tank. 
The mirrors are front-face reflectors; the prisms are rear-face reflectors. Both have 
dielectric coatings designed to reflect at 532nm (reflectivity at 514.5nm is still 
theoretically greater then 99%). During experimentation with turbid water however, 
mirror reflectivity at 514.5nm was measured at 79%. The reason for this was thought 
to be particles adhering to the mirror surfaces. Also reflectivity of the dielectric-
coated rear faces was adversely affected by deposit of material suspended in the water 
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samples. This caused a breakdown of the internal reflection mechanism. High 
percentages of light could be seen transmitted through the back of the prisms within a 
day of filling the tank. This increased scattered noise, particularly at 488nm were 
reflectivity was lowest. 
Other problems were experienced with the prism set-up. It was found that the self-
aligning properties of the prisms tended to be restrictive in beam steering through the 
tank: enabling parallel beams only. Another drawback with the prisms is the 
maximum aperture available. Currently this is only about 15mm diameter for 25mm 
prisms since coating do not extend to the edges. For investigating input beam shapes 
and beam expansion mechanisms larger area optics were necessary. The mirrors were 
used for later experiments. 
3.5.2 Tank entry optics 
The simplest way of propagating the beam was without any focusing optics. This was 
possible due to the low divergence of both the cw and pulsed sources. For more 
control over divergence or convergence, the laser output was expanded and 
collimated. For the argon ion laser a microscope objective and spatial filter were used 
to expand the beam. The Nd:YAG laser demanded a concave lens since focusing in 
air at high powers would cause breakdown ofthe air. 
For monitoring the laser power input, to the tank, a beam splitter was inserted in front 
of the laser and the reflected power measured. This measurement was not made 
simultaneously with light output from the tank because of the number of detectors 
available. 
Spatial light modulator (SLM) 
In this work an electronically-addressed spatial light modulator with 640*480 pixel 
resolution and 16 phase levels is PC-controlled to display computer generated 
kinoforms [Tyrer, Noden and Hilton 1996]. The SLM is a liquid-crystal solid-state 
device having a low-power requirement and a active area of26.88 x 20.16mm. It can 
holographically project any moving or static image from a single point to a complex 
variable-intensity geometry, as demanded by the specific application. Working in 
phase only mode the SLM can generate a phase change of 0 to 7t in 4 steps. Other 
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applications include materials processing [Haist et al 1999]. The SLM was used in our 
novel imaging system. Further details are included in Chapter 6. 
laser 
Figure 3.3 
spatial light modulator 
Beam collimated at 50mm 
diameter 
The SLM projection geometry. 
3.5.3 Tank exit optics 
2to4m 
tank containing 
water and scatterers 
Focal length adjustable by varying 
input beam divergence or changing 
kino form-generating algorithm 
To compensate for any beam expansion, and improve the exclusion of scattered light, 
the detection system was modified to include a lens to focus light output and a small 
aperture. The aperture (2mm-diameter circular) was placed at the focus of the lens 
(lOOmm focal length). The aperture diameter was chosen to be as large as 2mm 
because of alignment problems, due to the long paths used. The detector was placed 
approximately 20mm behind the aperture such that beam irradiance was always above 
the detector damage threshold. By this method the acceptance angle of the system was 
reduced to 1.1°. This is acceptable for rejection of multiply scattered light [Okoomian 
1966]. Although it was found that this was not a sufficient condition for the multipass 
regime adopted. The steps taken are described in Section 3.8.2. 
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Figure.3.4 Arrangement for attenuation measurements. The aperture size 
was 2mm diameter and the lens had +100mm focal length. 
Where two colour output measurements were needed (Raman scattering), the output 
from the tank: was partially-reflected by a beam splitter. The reflected signal was then 
filtered to remove one wavelength. Irradiance of the two wavelengths could then be 
recorded. 
3.6 Detectors 
More detailed specifications are available in Appendix A 
3.6.1 Photodiode 
Connected to an oscilloscope, it was fast enough to resolve the pulse shape of the 
Nd:YAG laser. The photodiode had an area of less than 1mm2 and a low saturation 
threshold, so was not able to measure the entire pulsed beam. It was used for timing of 
the out going and returning pulses during range gated imaging. 
3.6.2 Labmaster 
A light meter from "Coherent" with interchangeable heads for pulsed and cw 
measurements. This was the most used detector and meter combination. Two cw 
heads enabled measurement from 1J.lW to 5W. The large area pulsed detector 
measured pulse energy with a resolution of 0.1 mJ, but the lower threshold was found 
to be 5mJ. Measurement uncertainty was +/- 1%. Data points recorded in this project 
are the mean of ten pulses unless otherwise stated. The detector could recognise 
individual pulses, at 10Hz, but was not fast enough to resolve pulse shape (and length) 
or any pulse stretching caused by small-angle scattering. 
3.6.3 MPE (Maximum permissible exposure) meter 
This is a complete detection system designed at Loughborough primarily to measure 
laser safety hazard. The unit is based around a "Psion 3a" handheld computer with a 
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silicon photodiode head. For our purposes, measurements could be made over a 
detector diameter of7mm down to IJ..ll The meter was used for measuring the Stokes 
beam from stimulated Raman scattering. Uncertainty in measurements is better than 
5%. 
3.6.4 Imaging 
For imaging, two types of camera were available: 
• Conventional digital camcorder (miniDV format) for recording thermal lensing 
patterns with cw laser source. This recorded fifty interlaced frames per second at a 
resolution of768 by 576 pixels and 24 bits . 
• Gated intensified camera (down to 4ns gate width) with complex controlling 
hardware for imaging through turbid water in conjunction with the spatial light 
modulator. This is discussed further in Chapter 6. 
3.6.5 Spectrometer 
An "Acton Research Corp - Spectra Drive" spectrometer was used with the 300 line 
per millimetre diffraction grating. This was imaged onto a "Hamamatsu C4742" CCD 
camera (lObits and 1000 pixels width) and averaged over ten shots (further camera 
information is available in Appendix A. The data was recorded onto a PC. A krypton 
ion laser of stable known wavelength (647.lnm) provided an absolute spectral 
reference. The error of the system was +/-O.Inm (+/- 2cm-1 at 649nm). 
3. 7 The environmental system 
Ideally the water we use in experiments would retain the composition it had at origin. 
However this cannot happen since the ecology of the tank environment is so different 
to that of any source. It was not possible, within the constraints of this project, to 
replicate the ecosystem surrounding the water samples. If the water is stored at room 
temperature without any other action, experiments have shown that that turbidity 
increases quite rapidly (see Figure 3.8) such that sample is unrepresentative of the 
source after only a day. However using a combination of techniques it is possible to 
reduce changes in water composition. Firstly, if water conditions are to be controlled, 
it is advisable to measure as many chemical parameters as possible. Commercial 
probes are available to measure the following: 
45 
Tharmallanslng ThorSlatar 
• pH - concentration ofW ions - acidity 
• temperature 
• salinity - conductivity meter 
• dissolved oxygen content 
Records of these measurements will help determine any changes that take place in the 
water and thus validate the optical data from gained from testing. In particular these 
measurements are relevant to Raman scattering in water. This is because the origin of 
the strong stimulated lines is in the O-H bond oscillations (Chpater 5). Dissolved 
substances (W ions, NaCl, O2) and water temperature will all affect the complex 
hydrogen-bonded structure of water (Section 2.5.1). To monitor changes in non-
optical water parameters the "Aquaguard" system was used. 
In most artificial manne environments much emphasis is placed on control of 
substance levels by filtration (mechanical and biological) and protein skimming. 
These techniques cannot be used here since the removal of particulates and organic 
matter will affect the optical quality of the water. 
The options available are as follows: 
1. Slow down biological activity to an acceptable level gIven the two-week 
experimentation window. 
2. Kill all biological components in the belief that any by-products due to decay of 
dead constituents are insignificant for experimentation purposes (either optically 
unimportant or present in low volume). 
Method one is possible when low temperatures are required for testing, but not if 
higher temperatures are required. This is because of time taken to heat and cool the 
water between experiments is several hours. Method two was used in this project for 
most water samples. 
The conditioning system involved the following components: 
• Pump to help keep water aerated and particles suspended. Also to propel water 
through the steriliser and chiller. 
• Chiller that can attain temperatures of approximately 14°C below ambient. 
• Ultra-violet steriliser to keep levels of bacteria and plankton low. 
46 
Tbermallensing Tbar Slaler 
• Heaters (x 2) to raise temperature up to 32°C. 
3.7.1 Control 
This section gives details of the pump, UV steriliser and cooling unit used for daily 
conditioning. For experimentation at different temperatures, heating units were used. 
Pump 
This has been chosen with a flow-rate of 1250 litres per hour. The entire tank contents 
can be cycled through the other conditioning components three to five times an hour 
(for 2501 of water) depending on the resistance of the in-line components. If water is 
removed from one end of the tank and replaced at the other, bulk speed of water 
flowing along the tank will be approximately 5mmls (for average flow rate of 1000 
litres/hour). 
The pump has two uses. Firstly it circulates water around the tank. This replicates the 
action of natural water bodies (to different degrees) to reduce settling of suspended 
components and for gas exchange, at the surface. The second reason to have the pump 
is for propelling water through the chiller and steriliser. 
UV steriliser 
This is a powerful tool for killing any organisms small enough (less than 1 mm2) to 
pass through the chamber. It is mounted beneath the tank in line with the pump. The 
unit chosen is for volumes up to 650 litres and can work at up to 1800 litres/hour. 
Heating and cooling 
A chiller is used to cool water samples but there are also two resistance heaters for 
samples from warmer origins, or where experimentation requires it. The heaters are 
designed to work up to 32°C. The chiller has the capacity to maintain the temperature 
of a 350 litre tank at down to 11°C below ambient temperature. The chiller may be 
used to cool sample below their native temperature to investigate any reduction in 
organic action. If growth/decay are slowed, enhanced cooling may form part of a 
solution for water conditioning (if optical parameters are not adversely affected e.g. 
refractive index change). 
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3.7.2 Monitoring 
Once physical and chemical changes in the water are recorded, relationships between 
optical and physical/chemical properties can be found. "Aquaguard" is a system for 
monitoring and controlling various parameters within a closed marine environment. 
The system consists of a base unit with a serial interface to the Pc. With the exception 
of temperature control, only the monitoring option is to be used for parameters here. 
Installation of controlling software is straightforward if required for long-term 
automatic water sustaining. 
The parameters to be measured here are pH, dissolved oxygen, salinity and 
temperature. The probes are sampled at approximately 200Hz. The controller then 
uses a double integration algorithm to average the data, keeping erroneous data from 
being used. Resolution for the probes is shown below: 
• pH to 0.01 units 
• dissolved oxygen (DO) to O.Olppm 
• temperature (T) to 0.2°c 
The salinity sensor works by testing electrical conductivity. Accuracy data is not yet 
available and salinity measurements were used only to differentiate between fresh and 
seawater at this stage. 
With the PC interface and Win95-driven software, trends can be recorded over time 
so the water can be monitored for any deterioration in biological conditions. The 
effects of introducing any or all of the conditioning components will also be seen. 
Figure 3.5 shows the traces for a seven day period during which the tank was filled 
with seawater which was conditioned by cooling and UV sterilisation. The tank was 
actually drained of tap water and filled with seawater on 4.9.97. This can be seen in 
the electrical conductivity (salinity) trace. It can also be seen that the water is alkaline. 
During the first four days pH rises from 8.08 to 8.15. After a period of heating, pH 
falls to 8.08 again. The reason for the spike Itrough at 1300 on Monday is unknown. 
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Figure 3.5 Output plot from "Aquanet" showing acidity/alkalinity; 
temperature; electrical conductivity; dissolved oxygen; oxygen saturation in a 
seawater sample. 
Notice that electrical conductivity varies in proportion to temperature but dissolved 
oxygen rises slightly. Oxygen saturation is a calculated value, 100% being the 
maximum a sample can hold at a given temperature (the 130% spike on 4.9.97 is a 
function of the tank being empty and can be ignored). The slight increase in oxygen 
saturation towards 8.9.97 suggests that any aerobic bacteria are functioning at a level 
lower than the rate of solution of oxygen. Oxygen absorption can only occur 
"naturally" at the surface since there is no air injection system. There is possibly still 
too much oxygen absorption however, as a static equilibrium would be ideal, but the 
brief period of temperature increase did lower the DO level again. Overall the 
chemical changes are small and justify the action of the conditioning components. 
The reason for the increase in water clarity may be a gradual settling of particulates in 
the water. The water has been stirred on several occasions but this does not seem to 
have affected the overall trend in attenuation coefficient. If particles are adhering to 
the tank floor then stirring might not re-suspend them anyway. Perhaps more vigorous 
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constant pumping will improve this situation. If the attenuation coefficient change is 
from a chemical or biological origin it may be better controlled with a cyclic variation 
in temperature and/or UV intensity. 
It is probable that the combination of low temperature, UV radiation and lack of food 
source has inhibited the growth of any large plankton that may be present. It would 
also seem that the various aerobic bacteria types have not been highly active since 
oxygen levels have not changed very much. The absence of any ammonia smell 
suggests no high anaerobic activity [Moe 1992]. Overall the water would appear to be 
maintained in quite a stable condition without the use of chemicals or filtering. 
3.8 Optical measurements 
Initial measurements were of beam attenuation. The aim was to measure the amount 
of propagated light that was not absorbed or angularly-scattered away. To compensate 
for any scattering due to the folded path geometry, additional measurements were 
devised. Upon discovery of the thermal lensing and Stimulated Raman scattering, 
further experiments were designed. These are discussed in detail in Chapters 4 and 5 
respectively. 
Beam propagation was measured at up to 27 m and 13 attenuation lengths in seawater 
and tap water. Unexpected phenomena were observed with both cw and pulsed 
beams, which are introduced here. A full analysis, including spectral data and time-
resolved imaging are reserved for later chapters. 
3.8.1 Attenuation coefficient calculation 
When using the apparatus to measure beam attenuation in the water it is necessary to 
modify the Beer-Lambert expression (Equation 2) to include the transmissivity of the 
tank windows and reflectivity of the prisms or mirrors. So the relevant equation now 
becomes: 
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~ = (TRn )Po exp<-cr) [W] Equation 10 
where 
T = total transmittance of tank windows (input + output) 
R = total reflectance of each prism or mirror 
n = number of prisms 
Fortunately, the sliding optics meant that measurements made at two path lengths (at 
constant input power) can be used to remove the influence of the prism / mirror 
coefficients giving: 
c=--ln _I 1 (P. J 
r2 -1) P2 
Equation 11 
where 
= two path lengths 
= output power at paths rl and r2 respectively 
Alternatively, for experiments conducted at various path lengths, the attenuation can 
be determined graphically: 
In(~) = -c.r + In(rRn po) Equation 12 
plotting: y = m .X + c 
Plotting the path length against the natural logarithm of output power yields 
attenuation coefficient of the water as the gradient. Input power and transmission 
losses, at material interfaces, remain constant. So by using different numbers of 
prisms T and R could be calculated. At 514.5nm T=O.91 and Rmirror=O.79. Rmirror is 
lower than expected and is thought to be mainly due to surface cleanliness. This was 
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difficult to maintain with biological elements in the water. The optical elements were 
left in the tank since replacement and realignment were too time-consuming. 
Equations 7 and 8 are equally applicable to pulsed laser measurements. In that case 
cw power is replaced by pulse energy. 
3.8.2 Scattering and attenuation measurements and limits 
When the beam passes into the tank, light will be scattered and absorbed by the water 
and suspended or dissolved particles. Accepted beam attenuation meter designs 
depend on a small acceptance angle to exclude as much forward-scattered light as 
possible. The folded beam path inside the tank makes the problem larger with this 
design. When all nine prisms or mirrors are employed there is the potential for a "fog" 
of scattered light in all directions from the beam itself and then reflected off the tank 
walls. In future experiments, beam flight tubes and non-reflecting baffles may be 
used. But for these experiments it was important to have viewing access, otherwise 
the non-linearities may not have been seen. 
The solution used was to place a beam stop over the reflected signal from the final 
mirror or prism (see Figure 3.1). Thus scatter from 90% of the beam propagation 
distance (with nine prisms) could be measured. An example of measured data from 
tap water is shown in Figure 3.6. Errors are calculated from laser output stability, 
detector uncertainty and path length measurement. The error in x is 0.1 m, error in y is 
+/-5.5% of the output measurements. The attenuation coefficient is given by the 
gradient of the unscattered data. 
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Figure 3.6 Beam attenuation measurement of an unfocused beam measured 
with 200mW input power at 514.5nm in tap water. Attenuation coefficient (c) = 
2.0m-1 from the gradient of the linear regression. Experimentation at 7.1m 
corresponds to 13 attenuation lengths. 
The un scattered values were obtained by subtracting the scattered component from 
the total power impinging on the detector. It can be seen that there is good consistency 
in the unscattered data. Note that because of the logarithmic representation, errors are 
exaggerated for the scattered data. The intersection of the lines shows the distance 
limit of the system due to scattering. Beyond this the beam could not be reliably 
distinguished from scattered light. This limit is independent of laser power. 
The second limit to maximum operating distance was stability of the internal optics 
mounts. Although paths up to 40m were theoretically possible, the nylon rails did not 
have sufficient rigidity beyond approximately 27m (i.e. 2.7m separation of the 
mirror/prism carriers). The magnification of angular misalignment, at the end of ten 
passes, meant that adjustment by hand was defeated. 
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Figure 3.7 Beam attenuation measured at up to 27m (8.9 attenuation lengths) 
at 400m W input power in tap water. The propagating beam was focused at 7m 
into the tank. Scattering was negligible at all but the longest path, where 
measurement was 6xl0-2 mW. 
Figure 3.7 shows data from a water sample exhibiting lower attenuation (c=0.33m-1). 
For this sample scatter did not limit the system. 
3.8.3 Transmission at 488 and S14.Snm 
Attenuation coefficient, for all water samples tested, was found to be higher at 488nm 
than S14.Snm. The following data is from unconditioned water after eight days in the 
tank using nine prisms. Although prism / mirror reflectance is lower at 488nm, 
repeatable measurements were still possible because we were experimenting at 
various path lengths. Where both focused and unfocused beams were used at up to 
0.7W, the attenuation coefficient (including errors) was calculated to be: 
514.5nm 488nm 
collimated beam 2.25 +/- 0.01 2.31 +/- 0.04 
unfocused (diverging) 1.83 +/- 0.03 2.03 +/- 0.09 
Table 5 Cw beam attenuation coefficient (m-I) for two beam configurations 
at two wavelengths. 
It can be seen that unfocused and focused measurements did not match. It is thought 
that the reason for this is that the acceptance of scattered light is different for the two 
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beam conditions. Further experimentation with improved optical components IS 
needed. 
3.8.4 Pulsed vs. cw 
With output measurements averaged over ten pulses and taken at various input power 
and path length, overall uncertainty in pulsed attenuation coefficient was calculated at 
+/-3%. Where fewer measurements were made, uncertainty rises to +/-10% mainly 
due to the inability to spot spurious results in small data samples. The results in Table 
6 are for a seawater sample with cooling and UV sterilisation. The labmaster meter 
with cw and pulsed heads was used to record the transmission data. 
day input power cw c (m-I) input pulse pulsed c (m-I) 
(W) energy (mJ) 
11 1.85 0.41 42 0.41 
15 2.05 0.39 44 0.37 
Table 6 Pulsed and cw beam attenuation coefficients taken from the same 
water sample on two separate occasions. 
A 5% difference on day fifteen can be seen, when basic attenuation theory suggests 
that pulsed and cw attenuation should be equal. The data is from a limited set however 
(ten readings for each value), so this treated as an acceptable error. It is anticipated 
that time-resolved measurements would indicate pulse stretching and a higher 
scattering coefficient could be inferred [Wang et a11995]. 
3.8.5 Effect of water conditioning on seawater 
Day 0 corresponds to Monday 8th November in Figure 3.5 (for the "with 
conditioning" data). The "no conditioning" data refers to a separate seawater 
experiment. 
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Figure 3.8 The effect of seawater conditioning on beam attenuation for pulsed 
and cw beams. Measurements are from small data sets (constant laser power) so 
errors are +/-10%. The dotted line for "no conditioning" is to illustrate a trend, 
not describe the function. 
It can be seen that attenuation coefficient actually falls over time when the 
conditioning is operational. The rate of decrease was 2% per day. This is not ideal but 
it is seen that the rate of optical change is much smaller than when a sample is left at 
room temperature (no conditioning data). The decrease in attenuation may be due to 
some settling for which a more powerful pump might be an answer. 
Although it is understood that the water properties begin changing immediately a 
sample is taken, a method for prolonging the time available for experimentation has 
been demonstrated. Observable optical changes are less than 30% for a fifteen day 
experimentation window. 
3.8.6 Thermal lensing 
After propagating through long paths in turbid water, the cw beam was seen to expand 
in diameter. This was found to be a refractive effect known as thermal lensing. It is 
investigated in Chapter 4. 
56 
Tharmallansing ThorSlalar 
3.8.7 Stimulated Raman scattering 
It was seen that, at high pulse energy from the Nd:YAG laser, flashes of red light 
appeared coaxially with the green inside the tank. This could only be observed 
because the optical shielding allowed transmission at the longer wavelength. If 
completely opaque shielding had been used, tpe wavelength shifting might never have 
been seen. This red light was found to be stimulated Raman scattering (SRS) and is 
investigated in Chapter 5. 
3.9 PC-based resources 
As well as the ubiquitous spreadsheets and word processing, some more specialist 
tasks were accomplished with the aid of computing power. For thermal lensing and 
Raman scattering studies, mathematical modelling was employed with Matlab and 
MathCAD packages respectively. 
Image Tools is an image processing package allowing advanced counting and sizing 
operations to be performed on images captured by the standard CCD and gated 
cameras. All the beam-size data presented here was calculated using this software. 
Results from the imaging experiments were also analysed by line profiles and grey 
level histograms generated with this software. 
3. 1 o Discussion 
The facility has been implemented for long path-length high-power propagation 
experiments. Variability of overall attenuation measurements, for constant focal 
length, was found to be +/-10% for small data sets, falling to +/-3% for more 
extensive testing. There are unaccounted for differences between experiments with 
focused and unfocused beams. This may be a function of changes in the small angle 
scattering with beam convergence / divergence angle. Further experimentation is 
required, and remaining results are all made using the unfocused beam for 
consistency. 
A method of assessing the scattered light, for this novel situation, has been developed 
and the current limitations found. It has been seen that the maximum path for 
experimentation can be limited by scattered light reflecting around the tank and onto 
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the detector (even at a small angular acceptance). Water samples with a higher 
scattering / absorption ratio will reduce maximum path length for attenuation 
experiments to approximately 13 attenuation lengths (attenuation length is the inverse 
of attenuation coefficient). If scatter is lower, the stability of the optics within the tank 
limits maximum path to approximately 27m. 
Water conditioning by cooling (to 6°C) and pumping water through a UV steriliser 
has been shown to slow the optical changes in seawater kept in the laboratory. In fact 
the conditioning is too effective, causing a reduction in attenuation over time. 
However the rate of change is at least three times lower than for the no-conditioning 
case and attenuation coefficient change is less than 2% per day over fifteen days. 
Development of conditioning parameters, such as pumping speed, will improve this 
further. 
Because of the unique tank design: long paths with good viewing access, effects that 
are new to the discipline of ocean optics have been seen. Thermal lensing and Raman 
scattering (with cw and pulsed lasers respectively) have been found to strongly 
influence beam propagation at higher powers. Work in the remainder of this project is 
now directed at an understanding of these phenomena, concluding with a 
demonstration of an appropriate beam projection system for effect minimisation. 
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4 Thermallensing 
Results are shown for experiments with artificial absorbers (black glass spheres and 
red dye) to enable characterisation of both the thermal and optical processes 
occurring. The fringe structure of the far field self-defocusing pattern can be seen, and 
the presence of convection currents within the heated region is described. 
Measurements of defocusing pattern size have been made for comparison with a 
fringe pattern model. 
4.1 Introduction 
This author, in transmission experiments, has seen thermal lensing with a cw laser 
propagated through seawater. Existing attenuation measurement practice does not 
account for this typically undesirable effect (Section 2.3), and thermal-Iensing 
literature does not consider underwater transmission applications (Section 2.4). 
Extrapolating absorption data measured at low powers will be insufficient to describe 
the conditions present at even moderately high irradiance in turbid water. 
4.1.1 Aims 
It is necessary to obtain accurate measurements of the optical effects. In this way the 
underlying heat transfer process can be better understood. This will lead to the 
definition of conditions for efficient cw beam transmission, by minimisation of 
thermallensing. It will also provide a model of the optical effect for the development 
ofthermallensing in applications where it may be desirable. 
4.1.2 Method 
To make measurements appropriate to underwater applications, the author used 
significantly different conditions to those in previously published experiments (see 
Section 2.4). Firstly, optical absorption was artificially-increased by particulates, to 
represent suspended sediment, as well as a liquid dye. This enhanced the heat transfer 
to the water, increasing the lensing effect. Secondly, the novel combination of a 
horizontally-propagating and high-power beam has been examined to generate 
convection orthogonal to the beam axis. Results from these experiments enabled an 
analysis of the thermodynamic processes in the water. Thirdly a new model of the far-
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field optical effects was also designed. The model output describes the fringe 
structure seen in terms of spatial frequency and irradiance. 
4.1.3 Discovery of the phenomenon 
During transmission experiments the unfocused cw laser output was propagated 
through path lengths up to 27m in turbid seawater (c=1.9m-l) in the 4m tanle This 
generated unexpected results as power was increased. The author first observed the 
phenomenon as a time-dependent expansion of the beam in unconditioned tap water. 
These experimental conditions are typical of those found in underwater experiments 
with cw lasers [Sagan et al 1993], which illustrates the potential problems when 
making measurements with cw lasers in coastal and other turbid waters. 
During some early experiments, an unexpected input / output relationship was seen 
with the cw laser (see Figure 4.1). For a beam propagating through turbid water, the 
Beer-Lambert attenuation equation (11) requires beam input to be proportional to 
output. 
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Figure 4.1 Errors caused by the effect of an unfocused beam expanding 
beyond the detector area. The sample is unconditioned tap water where 
c=1.9m -1. Steady-state results are shown for an unfocused beam at S.12m 
pathlength. The quadratic fits to total and unscattered output are only accurate 
up to 600mW input. 
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Upon investigation, it was discovered that the diameter of the laser beam output, from 
the tank:, was expanding over a period of about 2 seconds in relation to power. Thus 
the beam grew larger than the detector area causing the incorrect readings . The effect 
was not seen in clearer waters . Experimental technique was modified to include 
focusing onto the detector, for attenuation measurements . 
The time dependence indicated that this increased beam divergence was an 
absorption, not scattering, effect. Also, since no unusual behaviour was seen in clearer 
water samples, it was deduced that suspended and dissolved substances were 
responsible. 
It can be seen that the deviation from linear (and thus the onset of thermal effects) 
occurs at only 300mW in the example shown. Since it was necessary to propagate 
beams of up to 4.5W this phenomenon demanded investigation. 
4.2 Experimental detail 
4.2.1 Scattering and absorbing components 
The thermal lensing seen by the author at long paths in seawater, whilst sufficient to 
affect transmission measurements, only resulted in a transmitted beam diameter 
change of approximately 3mm. To increase the beam-diameter variation, for better 
observation of the phenomenon, the thermal lensing needed to be enhanced. This was 
achieved by increasing the absorption of the system artificially. 
It is appreciated that naturally-occurring particles suspended in water are not always 
spherical. However, because of equipment limitations, a selection of glass spheres 
was used to represent naturally-occurring particulates [Gilbert and Pernicka 1967]. 
The spheres had a size range of l-lO!lm diameter. Since the experiments were 
concerned with absorption, two extremes were chosen: black and transparent glass . 
Black glass spheres were added to represent absorbing particulates. Transparent 
spheres were used as a control measure. It was observed that there was no power-
dependent change of beam diameter in this case, removing the possibility that the 
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effect was a function of scattering from the particles. In further experiments a solution 
of red food dye was used. It was found that trends were similar but the fringe quality 
in the transmitted beam was improved, probably due to a simplification of the heat 
transfer regime. The higher quality data with the red dye solution improved the fit 
with the optical structure model. 
4.2.2 Short path chamber for artificial absorbing components 
Ideally artificial absorbers would be added to the long path tank, but this presents 
problems, both with the volume of absorbers required and very low light output 
expected from the system. For these reasons a much smaller chamber was used for 
these tests. It consisted of a 200mm long transparent polycarbonate tube with 30mm 
inside-diameter. At either end were antireflection-coated windows and filling access. 
Given the increased absorption and the enhanced defocusing action, measured beam 
irradiance at 200mm fell to only 0.1 % of the input. Any thermal lensing beyond this 
point would be negligible. 
For the experiments shown here the tube was filled with tap water or coastal seawater 
drawn from the environmentally-controlled tank, where it was kept chilled (to 6°C) 
for the duration of the test period. The sample used was stabilised with cooling and 
UV conditioning. No mechanical filtration was used. The cylinder was mounted for 
horizontal beam propagation to assess the impact of convection orthogonal to the 
beam axis. 
4.2.3 Optics 
The optical set-up consisted of a diverging beam from a cw argon-Ion laser 
(S14 .Snm), passed through the small test chamber. An electro-mechanical shutter 
controlled the laser input to the tank. The output radiation from the tank was 
magnified (to aid viewing) onto a screen at 1m. For fringe measuring experiments the 
lens was removed and the screen moved to 3m to operate closer to the Fraunhofer 
diffraction region (as would be the case for remote sensing) and observe far field 
diffraction pattern. Rayleigh 's criterion for experimentation in the far field requires a 
distance of 15 .6m (see Section 2.4.1). This was impractical within the laboratory 
space available, which implies that any diffraction patterns observed will not be fully 
developed. However a screen distance of 3 m is consistent with Harrison et al [1997] , 
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who find the patterns to be unchanging for distances above approximately 10% of the 
Rayleigh distance. They attribute this to the thermal lensing effect itself. 
4.2.4 System 
The digital camcorder imaged and recorded the optical fringe pattern. A diagram of 
the experimental set-up can be seen Figure 4.2. The opening of the laser shutter 
started the experiments. Elapsed time was taken from the recorded frame numbers, 
where the start was defined as the first recorded frame to feature the transmitted laser 
beam. 
laser 
Distance to 
screen: I to 3m 
"- --c? 
screen 
Test cylinder 
-
-
Figure 4.2 Thermal lensing rig. The test cylinder (200mm internal length) 
contains water and a suspension of black glass spheres or solution of red dye. 
The screen is imaged by a camera and recorded on digital video. 
4.3 Results 
Thermal lensing patterns are shown for experiments with absorbing black glass 
particles or red dye in the small test chamber. Near field and far field patterns can be 
seen for self-defocusing experiments. Measurements taken of the lensing pattern 
width show the trends over time. 
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4.3.1 Observed output - near field 
Using black glass spheres suspended in a tap water solution inside the small test 
cylinder, the near-field lensing pattern was recorded with a screen distance of Im and 
a magnifying lens. Laser power was 3.2W. These results can be seen in Figure 4.3 . 
A. 0.04 seconds B. 2.00 seconds C. 4.00 seconds 
width4mm width 7mm width 8mm 
Figure 4.3 Near field pattern seen on a screen at Im. 
The pattern can be seen to start with a spot that quickly expands to a bright annulus. 
The top of the annulus then flattens to form the steady-state image seen at four 
seconds. 
It is suspected that the black glass spheres absorb some incident laser power. This is 
then conducted to the water causing a modification of the refractive index and thermal 
lensing. There is then expected to be conduction of heat energy to the water 
surrounding the beam, followed by convection currents developing due to the 
temperature gradient. These patterns appear identical to the far field patterns for lower 
power beams «lOOmW). 
For control a suspension of clear glass spheres was substituted. The near field pattern 
showed a small bright central spot and a large amount of forward scattering around it, 
but did not change with time. So the effect seen with black glass was not a function of 
diffraction around the spheres. 
4.3.2 Observed output - far field 
The screen was moved to a distance of 3m from tank for far-field viewing. With the 
laser output at 3.2W and the test chamber containing a suspension of black glass 
spheres in tap water, the laser shutter was opened. A spot appeared on the screen and 
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was seen to rapidly expand in width and height over a period of two seconds. At 3.2W 
the beam width expanded by over 700%. The shape of the beam at three points in 
time can be seen in Figure 4.4. 
At the greater screen distance (3m - Figure 4.4) the distinctive fringe structure is well 
developed. Although more fringes may have appeared if the screen distance was 
increased, the pattern was sufficiently well developed for an analysis of the 
mechanism. 
A. 0.04 seconds B. 2.00 seconds C. 7.00 seconds 
width 93mm width 85mm width 12mm 
Figure 4.4 Images of the beam, with the screen at 3m. 
Note the fringes visible on Band C and the missing top portion of C. These fringes 
were unlike diffraction rings from a particle in that the widest fringe was outermost. 
Also, diffraction fringes would not be expected to show the same asymmetry as seen 
in Figure 4.4C. After two seconds the top portion of the beam disappears and upward 
moving currents are visible inside the beam perimeter. This is seen as small (10 to 
30mm diameter) Airy discs superimposed on the fringe structure. Due to the high 
degree of speckle these were only identifiable in the moving images. 
It is suspected that the image actually forms an inverted teardrop shape with the tail 
extending vertically upwards . The reason this shape cannot be seen in Figure 4.4 may 
be due to the lower intensity expected in the "stretched" portion being lost in the 
background noise. The noise is due to scattering by the black glass spheres. Figure 4.5 
shows an image from a later experiment using red dye as the absorbing component 
and laser power of 4.5W. The noise is slightly lower and the central fringes can be 
seen directed quite steeply upwards, which could be the beginning of a vertical tail. 
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Figure 4.5 Fringes for "steady-state" condition with red dye in seawater. The 
scale printed onto the screen was used for spatial calibration. The small circular 
feature on the right-hand-side of the outer ring is a mark on the screen showing 
the unexpanded size of the laser output. 
4.3.3 The importance of convection 
Conduction from a Gaussian beam, transmitted through an absorbing solution, is 
expected to be radially symmetrical. Convection, with a horizontally-propagating 
beam, will not. By comparing the width and height of the far-field pattern we can 
draw conclusions about the competition between the two heat transfer processes. 
Individual frames from the beam record as shown in Figure 4.4 were captured on a PC 
and analysed using "Image Tools" software. A graph of dimension changes measured 
is shown in Figure 4.6. 
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Graph to show the changes in beam dimensions during the first 
four seconds of a thermal lensing experiment using 3.2W propagated through 
200mm of tap water with black glass spherical absorbers. The screen is at 3m. 
Error bars represent the uncertainty in defining the edges of the pattern. For 
clarity they are not shown in subsequent graphs. The curve fit is a function of e 
and is an accurate fit up to 4 seconds only. 
Looking at the region before 1.7 seconds, the error bars (from thresholding 
uncertainty) for width and height overlap. So we can not make conclusive statements 
about their ratio and thus the influence of convection during this period. 
It can be seen that height reaches a maXimum at 2.0 seconds but width keeps 
increasing until approximately 2.5 seconds. During this period it is believed that 
convection begins to dominate, leading to the asymmetric shape shown by the 
separation of the two data sets in Figure 4.6. Given the uncertainty of the shape of the 
top edge of the beam far-field pattern, only the beam width is examined further. 
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4.3.4 Relationship with power input 
Further experiments were conducted with red food dye as the absorber. This gave less 
noise and higher consistency in the fringe patterns but essentially displayed the same 
lensing behaviour. The amount of expansion was seen to be power dependent. 
Samples were taken from experiments at various laser powers. The results can be seen 
plotted in Figure 4.7. These results are from experiments with red dye in seawater 
solution (c=35m-1) , showing the same trends as black glass spheres but giving reduced 
speckle noise. 
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Figure 4.7 Extended time measurements for width through a horizontal 
cross-section of the transmitted beam pattern with red dye in seawater. 
Attenuation coefficient c=36m-1 (sea water and dye). 
The thermal lensing pattern appears to expand and contract with a damped oscillatory 
nature. The behaviour may arise from the effect of the momentum of water in the 
convection currents. At higher powers the beam expands and the low density heated 
water will generate a swift upward current. This then brings cold water into the beam 
causing contraction of the beam until the convection slows and water is heated again. 
68 
Tharmallansing Thor Slatar 
This mechanism has been seen as a self-sustaining oscillation when close to the water 
surface [Gousebet and Lefort 1987]. It is sometimes called the optical heartbeat. The 
complex fluid movements that make this state possible are outside the scope of this 
project. 
4.3.5 Measurement of liquid bulk convection velocity 
During the steady state condition "waves" or "currents" could be seen drifting 
upwards through the centre of the beam on the screen. It was thought that this effect 
might be local refractive index changes caused by mixing as convection currents 
move the heated central region upwards. Circular patterns consistent with an Airy 
disk were seen superimposed on the fringes. These concentric circles had varying 
moved sizes and were rising through the image at different speeds. It was thought that 
these were diffraction patterns formed by individual particles moving through the 
beam in convection currents generated by the thermal effect . 
Tracking the diffraction patterns of upwardly moving particles, superimposed on the 
thermal lensing fringes, an estimate of 2mms-1 was made for the maximum 
convection velocity. 
It should be noted that this is only an order of magnitude due to the assumptions made 
and high errors therein. It was assumed that the beam expansion would affect any 
diffraction patterns formed by individual particles. Thus the convection velocity was 
measured by recording the time taken for the fastest particles to travel the distance 
equivalent to the thermal lensing pattern width (in the steady state condition). This 
represented approximately 1.5mm travelled within the test cylinder (beam initial 
diameter 1. Smm). 
4.4 Thermal analysis of development over time 
To give some understanding of the development of the lensing process with respect to 
time, an examination of the thermodynamic processes taking place was required. With 
a view to beginning thermodynamic modelling, a time dependent analysis of the 
lensing data for red dye in seawater was conducted . 
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It is hypothesised that there are four overlapping stages to the thermal lensing 
mechanism. Stage one, the short time condition, begins with absorption of incident 
laser energy by the dye molecules or black glass spheres. This is conducted to the 
adjacent water molecules, raising their temperature. The refractive index of the water 
within the beam "cylinder" falls according to the Gaussian irradiance profile of the 
beam. The refractive index gradient is then responsible for defocusing the beam. So 
pattern width increases linearly with time for heat transfer to the beam cylinder 
without loss (0-0.5 seconds Figure 4.6). 
Stage two is characterised by symmetric diffusion of heat energy, by conduction, to 
the volume around the beam cylinder. This would cause a decrease in the rate of heat 
input to the water within the beam cylinder and a decrease in the rate of beam 
expansion (0.5-2.0 seconds Figure 4.6). 
At stage three convection becomes important. The heated water cylinder, and its 
surroundings, begins to move upwards and convection dominates. The far field 
pattern will decrease in height and may decrease in width due to cold water being 
drawn into the heated region. An oscillation in pattern width, arising from fast build 
up and decay of convection currents, may be seen at higher laser powers as shown in 
Figure 4.7. The beam will then approach an equilibrium situation (1.5-4.0 seconds). 
Stage four is the steady state condition when heat input and output to and from the 
beam cylinder is in equilibrium (>4.0 seconds). 
In this section we are concentrating on the relationships between power and far field 
pattern width for the early and steady state conditions (stages one and four). 
Conduction from a cylindrical beam is radially symmetrical. So the difference 
between height and width of the beam pattern indicates that free convection (gravity 
dependant) is present from very early in the experiment. Thus it is impossible to 
examine conduction and convection in isolation with the current data. However we 
will operate on the assumption that convection will be small in the early stages of the 
thermal lens development. 
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4.4.1 Stage one - early time condition 
From 0-0.5 seconds for the experiment shown in Figure 4.6 it can be seen that any 
differences in height and width of the beam pattern are small, so we assume that 
convection is small at this time. Now looking at a similar region in Figure 4.7 (0 to 
0.2 seconds - faster heat transfer with red dye), the pattern width appears to be 
proportional to power input. This suggests that there is negligible heat transfer to 
outside the beam cylinder, and provides evidence for the stage one process. Any 
conduction to the surrounding water would decrease the thermal gradient and thus 
pattern width, which would then cease to be proportional to power. Thus conduction 
of heat from the dye molecules to adjacent water molecules is much faster than the 
diffusion of heat radially to the surrounding water. However plotting the rate of 
pattern width increase with time against power input reveals that heat conduction to 
the surroundings is not zero during this time (see Figure 4.8) . 
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Figure 4.8 Rate of energy transfer from the laser to the beam cylinder with 
power, minus heat conducted to the surroundings from data in Figure 4.7. 
Ignoring data at 3.2W the rate of pattern size increase appears to be proportional to 
power input. This suggests that there is negligible heat diffusion to the water outside 
the beam cylinder and the definition of stage one is accurate. The reason for the 
deviation of data at 3.2W is thought to be a function of the finite time required for 
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heat transfer within the beam cylinder. Thus the stage one relationship IS only 
proportional at low power/absorption rate. 
As pump power Increases, the thermal gradient between the beam cylinder and 
surroundings increases. This causes a greater rate of conduction to the surroundings, 
which at high powers cannot be neglected. So it seems that the greater rate of 
conduction at higher input powers will lead to a narrower pattern than that expected 
without heat diffusion from the beam cylinder. 
4.4.2 Stage four - the steady state 
The far field pattern shape becomes constant as convection equilibrium is achieved. 
The pattern width in the steady state zone describes the total power converted to heat 
in the water. The data can be seen in Figure 4.9. 
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Figure 4.9 Pattern width for steady state. The quadratic fit is only accurate 
up to 3.2W. 
This relationship is contrary to Harrison et al [1997] who found the self-defocusing 
pattern width to be proportional to pump power. However Harrison was operating 
with a vertical beam axis and a short transmission path (10mm depth), such that any 
convection would be small and in an axial direction. Here convection is an important 
process governing the development of the steady state. The convection is reducing the 
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thermal gradient (measured across the beam) that would be seen from conduction 
alone. This gives the smaller than expected pattern width at higher power. 
Agreement with this argument is found in measurements revealing that attenuation 
coefficient remains the same regardless of power (Figure 4.10). Since heat transferred 
to the water is proportional to power input, the pattern non-linearites must arise from 
convection increase. 
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Figure 4.10 Graph to show the linearity of attenuation with power. 
This result is also important for the "forced convection" case, when a cw beam is 
propagating orthogonally to a moving body of water. 
This analysis can now be used for thermodynamic modelling of the problem, 
providing a relationship for power and thermal lensing with free convection 
orthogonal to the beam. 
4.5 Analysis of far-field fringe pattern structure 
Looking again at Figure 4.4, fringes can clearly be seen on images Band C. These are 
unlike diffraction fringes produced by small particles (Airy pattern), or through an 
aperture, in that the widest fringe is outermost. Another feature is the time 
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dependence. As the beam expands the fringes can be seen to appear from the centre 
radiating outwards. Pure diffraction fringes would be expected to be static if produced 
by the particles alone. Finally, the fringes are not seen when transparent non-
absorbing spheres of similar sizes are used. 
A line profile taken through the far field lensing pattern from a suspension of black 
glass spheres can be seen in Figure 4.11A. The periodic fringe nature, decreasing in 
irradiance toward the centre, can be seen. The fringe intensity and period (grey level 
on the recorded image) are measured horizontally across the centre of the steady-state 
pattern. This is achieved using functions in the "Image Tools" software on individual 
pattern images. The noise seen in Figure 4.11A comes principally from particulate 
diffraction around the black glass spheres and other particles present in the water. 
To reduce noise and improve fringe quality the black glass spheres were replaced by a 
red dye. The output beams expanded over time similarly to when the glass spheres 
were present. However, the fringes were of a higher quality with less speckle noise 
when using the red dye solution, as can be seen in Figure 4.5. Fringes are clearly 
visible almost to the centre of the image. Fringe information appears to be lost in 
speckle noise as the centre of the pattern is approached. There are several reasons for 
this. Firstly the fringe period is close to the spatial resolution limit of the camera. For 
a horizontal irradiance profile there are only six pixels per fringe on the closest 
discernible fringes. This is complicated by the decrease in contrast between light and 
dark fringes towards the centre on the pattern. It cannot therefore be confirmed that a 
dark spot is present, as seen by Harrison et al [1997]. Rather it seems that fringe 
structure becomes progressively finer towards the centre of the pattern until it is lost 
in the background noise. 
The improvements to fringe definition can be seen again in Figure 4.11B. This is a 
line profile taken through Figure 4.5. Notice the symmetrical shape of the curve and 
the increase in period and intensity towards the edges of the pattern. This is similar in 
structure to results from the glass sphere suspension, but here the pattern is easier to 
see. It can again be seen that at the centre of the pattern, irradiance falls to 
approximately 25% of peak irradiance (given by the outermost fringes), not zero 
intensity as has been previously suggested by Harrison et al [1997]. 
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4.5.1 Fourier model 
The output patterns from the practical experiments have been shown. Now we wish to 
explain these fringes as a consequence of high power beam propagation. Here the 
thermodynamic activity was simplified by considering a horizontal cross section 
through the beam so that the asymmetry due to convection is avoided. 
Principles of the optical fringe model: 
• The Gaussian beam propagates through the absorbing solution causing a Gaussian 
temperature distribution in the radial direction. 
• The beam irradiance (and therefore heating effect) decreases exponentially in the 
axial direction. 
• These temperature changes are proportional to refractive index variations. 
• The refractive index of the water within the beam path decreases radially towards 
the beam axis. 
• By propagating paraxial rays through the system, a complex phase and amplitude 
distribution is constructed at the output plane of the test chamber. 
The model then employs Fourier optics and generates the fringes as the far-field 
diffraction pattern of this intensity distribution. This model yields a 2D fringe pattern 
similar to those from experimental line profiles (see Figure 4.11). The Matlab code is 
included in Appendix B. 
From a given Gaussian temperature profile (orthogonal to propagation direction) the 
fringe pattern observed on the screen will be reproduced. A number of assumptions 
are made to simplify the beam propagation problem: 
• The output pattern will represent a screen in the far field. 
• The heating of the water occurs uniformly for a finite length in the direction of 
propagation. 
• Since in reality intensity, and thus refractive index, will drop exponentially, the 
active length of the cylinder is chosen to be 10mm. 
• The transverse temperature profile is Gaussian in shape. 
• The initial Gaussian intensity profile of the laser exactly matches the width of the 
water temperature profile. 
• The input beam has a diameter of 1.5mm (at 1/e2 value). 
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• Initial divergence of the laser beam is negligible. 
• The incident beam and the refractive index gradient are independent: there is no 
absorption of the incident beam. 
• There is no heat diffusion, by conduction or convection, to the water "oustide" the 
laser beam. 
• All rays remain paraxial throughout the heated liquid cell. 
Within the "Matlab" environment an array of 8192 values (213) was chosen to 
represent refractive index in a space 81.92mm wide (O.Olmm node separation). Using 
estimated values for the likely refractive index changes in the test volume (maximum 
~ -0.0008), the optical path lengths travelled by the paraxial rays were calculated for 
10mm geometrical path length. The complex amplitude function for each ray was 
then computed. A fast Fourier transform of the resulting matrix yielded a complex far-
field amplitude matrix. These numbers were made real by individual multiplication 
with their complex conjugates. A plot of this theoretical profile compared with 
experimental results can be seen in Figure 4.11. 
This model can be used to examine any symmetrical part of the far-field pattern. 
Scaling factors, for quantitative modelling, can be taken from the data in Section 4.4.2 
Further work is required to simulate the asymmetrical results of the long time 
condition and its large convection currents. 
The path length differences calculated in the ray-tracing model consider all rays to 
remain paraxial until the output plane (200mm). This is not actually the case since the 
induced refractive index change will cause defocusing in the near field. Defining the 
defocusing angle [Marcano 1993] will enable scaling of the results from this model. 
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Figure 4.11 A comparison of experimental results (for black sphere suspension 
and red dye solution) with the model output. 
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Figure 4.11 C shows the model output for an input beam power of 3.2W. Although the 
pattern widths of the three data sets are not the same, the similarity of shape can 
clearly be seen. The model was not intended to be quantitative at this stage and will 
be refined with accurate scaling factors later. The model output is comparable to the 
experimental data from both the black glass sphere suspension and absorbing solution. 
The top graph is of a noticeably poorer quality. It is suspected that this is due to the 
non-homogeneous heat transfer regime with black glass spheres. 
The model agrees with experimental data that fringe period and irradiance decrease 
towards the centre of the far-field pattern. There, the practical and theoretical 
irradiance are both 25% of the peak value. The model suggests that the fringe 
structure extends to the centre of the image. If this is the case there are two probable 
reasons why we can not see fringes at the central 25% intensity region for 
experimental data: Firstly, we are not imaging at a great enough distance. As 
described earlier, the number of fringes visible increased as the screen was moved 
further from the test chamber. 3m was the maximum distance achievable within the 
laboratory. A second possibility is that the noise, inherent in the system, is obscuring 
the fine fringe structure. This could be by random events such as rising particulates in 
the beam swamping both the small intensity and spatial variations of the central 
fringes. 
4.6/mpact on beam propagation 
Thermal lensing has been seen, by the author, under conditions similar to those used 
for point scanning techniques [Gordon 1993]. This has not been reported before when 
propagating high power cw beams underwater. It is significant since the effect has 
been seen at only 300mW at 514.5nm in a static turbid water sample (c=1.9m- l , 5m 
path length). In installations where the beam is moving relative to the water, the 
heating action will be decreased, but more work is required to define the limits 
beyond which thermallensing need not be considered. 
Thermallensing will have to be accounted for in applications using cw beams through 
coastal or other turbid waters, where absorption is a significant loss mechanism. 
Coherent applications (e.g. holography) could be affected most since the beam could 
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have a complex wavefront curvature imposed on it, if not adequately expanded. 
Applications using sources at longer wavelengths [Von de Weid et al 1993] will see 
the onset ofthermallensing at even lower powers due to greater absorption. 
Experiments with increased absorption confirmed the mechanism to be absorption of 
radiant flux by suspended particulates or dissolved matter in the water. This caused 
localised heating and ~ fall in refractive index of the water towards the centre of the 
beam. The beam was defocused, forming an annular structure in the near field. The 
optical model showed the origin of the fringes to be a far field manifestation of the 
Gaussian-shaped wavefronts. 
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5 Stimulated Raman scattering 
In this chapter, the discovery of red light emission at high pulse energies is explained 
with stimulated Raman scattering (SRS) theory [Bloembergen 1967, Battle et al 
1993]. Spectral and intensity information is given for the two Stokes transitions under 
varying beam conditions and water temperature. The efficiency of the SRS transition 
was unusually high at up to 32% to Stokes frequencies. A new model, the Raman 
Interaction Function (RIF), describes the interaction of the pump beam. 
5. 1 Introduction 
Using a frequency-doubled (532nm) Nd:YAG laser for transmission experiments, 
intense flashes of red light were seen at high pulse energy, in the 4m tarue 
Investigation suggested that the output was two stimulated Raman scattering (SRS) 
transitions from the water molecules, "pumped" by the 532nm laser output. SRS has 
not been studied before in the context of underwater laser transmission (see Section 
2.5.2). This is important since for many optical tasks the generation of inelastic 
scattering is wasteful of optical energy and must be minimised. 
However, in other sectors authors have used SRS generation for amplification and 
gating tasks (Section 2.6.7), but water has not been used as the generating medium 
before. Discoveries were made here concerning self-focusing experienced by 
unfocused beams and the unexpected SRS output arising from this. 
5.1.1 Aims 
To minimise the generation of SRS, the interaction conditions and threshold must be 
measured. For applications where Raman scattering (spontaneous and stimulated) is a 
useful effect, it is necessary to know whether the system can provide sufficient pulse 
energy for use as source in its own right. It is also important to determine the spectral 
characteristics of SRS from water. So the aims of this chapter are to provide the 
knowledge required to optimise SRS for novel applications, or eliminate it for 
conventional beam transmission. 
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5.1.2 Method 
In terms of pump irradiance, the experiments were conducted in the region between 
spontaneous Raman [Collins et a11984] and laser induced breakdown (LIB) [Yui et al 
1999]. Focused and unfocused beams were employed and the stimulated emission 
threshold was measured. The author was particularly interested in shaping the pump 
beam spectral output by changing the focal length. 
A new model was designed to describe the interaction of a given pump beam to find 
the expected SRS output. The concept of the Raman Interaction Function (RJF) has 
been introduced to define the Stokes output in terms of the pump beam characteristics. 
RIF is the pump beam irradiance integrated over the interaction length (distance over 
which the focused pump beam irradiance is greater than the SRS threshold). 
The intense red output is sensitive to both pump beam and water parameter changes. 
Using the RIF model an investigation of the irradiance ratio changes and frequency 
shifting of the two Raman transitions was performed. This data is important for the 
potential use of SRS for remote measurements of temperature and liquid structure. 
5.2 Experimental detail 
The length of the tank (4m) was important for amplification of the SRS according to 
the gain equation (8 Section 2.5.2). The temperature of the contents of the 250 litre 
glass tank were varied from approximately 6.1 °C to 21.9°C. The sample used was tap 
water (for availability at these quantities), stabilised with cooling and UV 
conditioning components, to an attenuation coefficient of 0.33m-1. This was the 
highest transmissivity seen without using filtration (important for natural water 
samples). The water was maintained for twenty days. The phenomenon was seen in a 
smaller sample of de-ionised water, but it was problematic to maintaint large volumes, 
to a high degree of purity, for the duration of the testing period. SRS was also 
observed in seawater maintained in the laboratory. 
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As the Stokes and pump beams exit the tank, they impinge on a pulsed detector 
or multimode fibre for delivery to the spectrometer. The beam splitter reflected 
10%, through a filter to extinguish the 532nm light, onto a second pulsed energy 
detector. The system was used both with and without the beam shaping lenses. 
The laser source used to generate the stimulated Raman shift in the water was the Q-
switched Nd:YAG laser. The 532nm beam was propagated both with and without 
focusing lenses. Experiments without focusing lenses are referred to as having an 
unfocused beam condition. 
Three detectors were used. For energy measurements the "Lab master" and "MPE 
meter" were employed. When sampling an expanded beam, the "MPE meter" output 
was adjusted for its small aperture according to a Gaussian approximation of beam 
irradiance profile. The Labmaster measured down to ImJ with a resolution ofO.OlmJ. 
For spectral measurements, a multimode-fibre delivery system was used to guide light 
into the spectrometer with 300 lines/mm grating. 
The stimulated Raman scattering, produced by propagating the 532nm pump beam 
through various water samples, was investigated through several experiments. Firstly, 
the stimulated Raman threshold and beam attenuation coefficient were measured. The 
stimulated threshold was measured (with focusing lenses) by increasing laser power 
and recording the pump power at which the Stokes beam appeared. Conversion 
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efficiency, to the Stokes wavelength, was measured for various focusing 
configurations. Varying the lens spacing allowed changes in the shape of the beam 
waist and interaction length. 
The second set of experiments was designed to measure the changes in irradiance 
ratio for the two spectral peaks of the Stokes transitions and the effect of changing 
pump power, focusing distance and water temperature. Part three shows changes in 
the absolute spectral position of the Stokes transitions. Pump pulse energy was varied 
from 20mJ to 140mJ and focal length from +O.5m to greater than 4m. The water 
temperature range was 6.1°C to 21.9°C. Stokes output irradiance was measured to 
find agreement with gain theory. 
5.3 Modelling the "pump" beam and Raman 
Interaction Function 
A function for the generation of stimulated Raman scattering has been shown in 
Section 2.5.2. Unfortunately this is only valid for constant pump irradiance, i.e. a 
collimated beam with no attenuation. Since focusing is employed for many 
applications, and turbid water will be used in this work, another description of the 
interaction region is necessary. 
The term Raman Interaction Function is defined here as the irradiance of the pump 
beam integrated over the interaction length (the distance over which pump irradiance 
is above the measured threshold for SRS). The model was designed to try and find a 
connection between the various factors affecting the interaction region and the 
intensity of the stimulated Raman output. The relevant parameters are pump power, 
beam shape and water attenuation. The model includes an effort to resolve SRS by 
conventional focusing with SRS from high irradiance filaments. 
To model the conventional focusing condition, the beam width, orthorgonal to the 
propagation direction (r), was approximated according to Kogelnik and Li [1966] 
(Figure 6.1). The waist was assumed to be diffraction limited. This represented the 
edge of the beam, which was assumed to have a top-hat transverse irradiance profile. 
83 
Stimulatad Raman scanering ThorSlater 
Equation 13 
where: 
co(r) = beam radius (at 1/e2 points) as function of distance through the tank: (z) 
COo = beam waist radius 
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Figure 5.2 Model of the pump beam shape when focused at 1.5m. The beam 
waist is given by 1.22D../d. The x-axis coincides with the beam axis. Only the 
upper edge of the beam is shown. 
Inputting the exponential attenuating properties of the water and pump beam power 
gave a longitudinal irradiance profile as shown in Figure 5.3. The measured irradiance 
required for stimulated emission formed the longitudinal boundary conditions to 
establish the interaction length. The RIF could then be calculated with the output in 
units ofWm- l . 
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Figure 5.3 A model of irradiance as a function of distance through the water. 
In this example the beam is focused at 1.5m and attenuation is c=O.33m-1 (at 
532nm). 
Equation 14 
where r 10 and r hi represent the axial boundaries of the interaction region. 
So RIF can be used in place of ILl to give a more accurate measurement of pump 
beam parameters for a focused beam. cSr must also be changed because now the 
Stokes beam will be attenuated beyond the interaction length. Substituting from the 
RIF model into Equation 8: 
Equation 15 
where: 
ISo = Stokes irradiance 
ISI = Stokes irradiance at distance I 
rem = remaining propagation distance after the interaction region 
To plot as a straight line we have: 
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Equation 16 
of the form y = mx + c 
Gradient is a function of pure water parameters including temperature and pressure. 
The y-intercept is the sum of spontaneous Stokes output and attenuation losses at the 
Stokes wavelength. Attenuation at the pump wavelength is accounted for in the RIP 
model. 
The model was also modified to attempt to approximate the unfocused beam 
condition. To do this the (104 times smaller) self-focusing threshold replaced the SRS 
threshold. This was defined as the point at which SRS appeared, for an unfocused 
pump, through the action of high-irradiance self-propagating filaments [Bloembergen 
1967]. The integral could then be calculated as before. However, the output is 
expected to be less accurate than for a focused beam since the actual irradiance within 
the filaments could not be measured. 
Sample calculations of the focused and unfocused models are shown in Appendix C. 
5.4 Errors 
Due to time and financial constraints, the quantitative consistency between different 
experiments was not as high as desired. Correction factors have been applied for 
aperturing and reflections where possible. However, the units supplied on graphed 
data are to inform the reader of the irradiance region in which measurements were 
made, rather than provide a reference source for quantitative SRS-in-water 
comparisons. 
In particular we believe that large errors have been incurred by spectral measurements 
of the Stokes beam off-axis. This was done to prevent saturation of the detector, but 
recent evidence [Becucci et al 1999] has suggested that sampling SRS off-axis will 
affect the gain of the measured radiation. This is likely to have influenced the spectral 
data used in Results 11 and Ill. 
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The calculations required for the model were dependent upon the measured data and 
thus hindered by experimental errors. Thus no attempt is made here to determine the 
actual values of the constants relating to water parameters. 
5.5 Results I: absolute conversion 
SRS from tap water with a 532nm pump beam has been examined. The dominant 
Stokes output power, peaking at approximately 3230cm-1 and 3380cm-t, has been 
measured with changing input power and focusing conditions. The Stokes output was 
resolved as two lines, believed to be the symmetric stretch modes (Section 2.5.1). In 
the following sections the total energy transferred to the two transitions is summed, to 
deal with absolute Stokes conversion efficiency. 
Previous tests by the author have confirmed the existence of a strong Stokes beam in 
seawater, salt solutions and distilled water. Some examples of spectral and intensity 
data for these can be seen in Appendix C. Backward propagating Stokes beams were 
also seen, but no measurements made. A blue anti-Stokes transition was observed (at 
approximately 459nm, -3004cm-1) but with a conversion efficiency ofless than 1%. It 
also appeared to compete with the Stokes modes for pump energy. An example of the 
anti Stokes mode is included in Appendix C. 
5.5.1 Stimulated emission threshold 
Stokes output was only seen above a threshold beam input of6xl013 Wm-2 (at l3°C, 
using a beam focused at 1.5m). This compares with the work of Wang [1969] who 
calculates the threshold to be of the order of magnitude of 1011 Wm-2 in a gas, (higher 
for a liquid). Above threshold pump intensity the Stokes output increased 
exponentially which is in general agreement with stimulated emission theory (Section 
2.5.2). There are two main experimental sources of error. The first is calculating the 
peak intensity at the beam waist. This is due to temporal and spatial beam shaping, 
optical aberrations, effect of impurities in the water and possible filament formation 
due to self-focusing. The second is the determination of the onset of stimulated 
Raman emission, which is sporadic in nature when close to threshold. As the pump 
power is increased, flashes of red light appear with increasing frequency, due to pulse 
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to pulse variations in pump energy. The threshold pump power was measured at the 
point at which red flashes were seen consistently. 
5.5.2 SRS by filament formation in the unfocused beam 
When the pump beam was propagated through the tank without any focusing optics, 
flashes of red light were seen at an irradiance of onI y 4 xl 09 W m -2, a factor of over 104 
times lower than the peak at a focused spot. This is believed to be because of the 
existence of self-propagating filaments within the beam (Section 2.5.2). 
Filaments appeared here as bright red spots, within the pump beam emerging from the 
tank. The density of red spots was seen to increase with pump irradiance. It is 
assumed that self-focusing takes the pump beam irradiance above the threshold for 
SRS. Thus for incorporation into the RIF model, the threshold for SRS is substituted 
by the critical irradiance for self-focusing. 
Low SRS thresholds were seen whenever beam divergence was low enough to be 
overcome by self-focusing. This included long beam focal lengths (~lOm), when the 
standard RIF model says that peak irradiance is too low for Stokes line generation 
(similarly to unfocused pump beam). However, when using a beam at a shorter focal 
length (less than 4m), the SRS threshold was confirmed at 6xlO13 Wm-2, but no 
destructive self-focusing was seen. The Stokes output appeared to be continuous, not 
containing any filamentary behaviour. 
Evidence for filamentation can be seen in Figure 5.4. Transmission at red and green 
wavelengths was measured for focused and unfocused pump beams. It was found that 
the red Stokes beam was attenuated more strongly than the green pump, as expected. 
In the red / green output ratio it can be seen that for focusing at l.Sm, measuring 
beyond 2m (below SRS-generation threshold) finds the ratio falling, according to 
relative attenuation coefficients. However, for the unfocused pump beam, the ratio is 
in fact rising, contrary to expectations. It is argued that the reason for this is that self-
propagating filaments are still present at this distance, and SRS generation is still 
occumng. 
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Figure 5.4 Evidence of filament formation in the unfocused beam. Errors in 
pulse energy measurement are at +/-10% for limited sample size. 
Filaments could not be investigated beyond 4m path because no mIrrors were 
available to reflect both pump and Stokes at these high irradiances. The transmission 
limit for filaments is not yet known. 
5.5.3 Maximum conversion efficiency 
With the energy meter in place, pulse energy output at pump and Stokes frequencies 
was measured for different beam configurations and path lengths through the water 
sample. An acrylic filter attenuated the coaxial pump beam to facilitate measurement 
of the SRS output. 
A maximum conversion of 32 %, of pump light exiting the tank, was achieved. This 
corresponded to 7mJ of red light, which is the highest output seen from stimulated 
Raman scattering in water, to our knowledge. The conditions for this output required 
the beam to be focused at 1.5m into the water and pump laser output at 55mJ per 
pulse. The attenuation coefficient of the water was O.32m-I and water temperature was 
13.0ce. 
This was not an optimised system. To better satisfy the condition for a high integrated 
pump power (above SRS threshold), a long interaction length and narrow pump beam 
would be preferable. This could be achieved with a smaller beam entry diameter. 
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Unfortunately, when a narrower beam was focused into the tank it exceeded the 
damage threshold of the tank input window. 
Calculating the conversion efficiency using a diverging pump beam without any 
focusing elements was difficult. This is because the pump beam never reaches the 
SRS threshold. Instead self-propagating filaments, whose irradiance could not be 
measured, generated the SRS. However measuring the average pump irradiance 
across the beam width yields a maximum conversion efficiency of 7% by multiple 
self-propagating filaments. 
5.5.4 Stokes output and RIF 
The beam was focused at 0.45m and pump pulse energy was varied whilst the output 
energy of pump and Stokes beams was measured. The pump beam parameters were 
entered into the RIF model. Figure 5.5 shows Stokes output plotted against the 
calculated RIF for the pump beam. The fit is exponential. It can be seen that Stokes 
pulse energy output can be described as a function of RIF, itself calculated from 
straightforward measurements of the pump beam. 
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Figure 5.5 Measured Stokes output plotted against RIF from varying pump 
pulse energy with a focused beam. The curve fit is exponential. The data points 
are the mean of five measurements; with each of those being an average of ten 
laser pulses. The error bars show the inconsistency of Stokes output at low RIF. 
At high RIF calculated pulse measurement errors fall within the data marker. 
This is the first time, to our knowledge, that modelling of the characteristics of a 
focused pump beam has been attempted for SRS. Previously this would only be 
straightforward for a collimated pump beam (irradiance multiplied by interaction 
length). The gradient comes from pure water parameters. The Y intercept of the 
function is the sum of spontaneous Raman output and attenuation factors. The feature 
at RIF = 5x 1012 Wm"1 represents a peak irradiance of 1.5x 1014 Wm"2 and may indicate 
the start of additional non-linear processes as seen by Yui et al [1999] in distilled 
water. The data shown may in fact be composed of two exponential components 
arising from two regimes operating. 
5.5.5 Filament formation and RIF 
It would be useful to be able to describe focused and unfocused beam configurations 
with one parameter that includes the pump power. Applying the RIF model to 
unfocused-pump-beam data results in the relationship in Figure 5.6. 
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Figure 5.6 Measured Stokes output against RIF for focused and unfocused 
data. 
It can be seen that both have a positive gradient and unfocused RIF is less than 
focused, as expected. However, if our arguments are correct the two sets of data 
should be part of a continuous line. The primary reason they are not is that, although 
thresholding changes are accounted for in the model (integral limits), there is no 
adjustment for the locally high irradiance values from filaments. Now Bloembergen 
[1967] suggests one or two orders of magnitude increase in irradiance for filaments, 
so multiplying the unfocused RIF by 10 (first approximation) gives the data seen in 
Figure 5.7. This brings the data closer together, and suggests that further work on 
refining experimental errors could lead to any Stokes pumping regime being 
described by one function. 
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data compensated for irradiance increase by filament action. Unfocused RIF is 
multiplied by 10. Plotted on linear axes to improve readability. The Stokes pulse 
energy at RIF=O is the spontaneous contribution. 
Reasonable agreement can be seen although the Stokes output for an unfocused beam 
is in fact proportional to RIF. However the data range is small so an exponential fit 
has been assumed. A greater understanding of filaments is again required to resolve 
this. This is the first time that Stokes output for two totally different beam 
configurations has shown the possibility of being described by a single function. 
Improving the accuracy of this function also requires more work on characterising 
filament parameters. 
5.6 Results 11: Stokes line irradiance-ratio changes 
Above the threshold irradiance for SRS, using a focused beam to minimise filaments, 
two well-defined peaks (Figure 5.8) dominated the Stokes output. The reason for two 
distinct peaks could be the gain narrowing caused by the stimulated effect, when 
compared to the spontaneous output. These two components were seen to change in 
both irradiance and spectral position as beam and water parameters are varied. This 
section deals with the irradiance ratio of the two components. 
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Figure 5.8 Intensity and spectral changes of the Stokes lines at 6.1°C. For 
focusing at 2m, spectral width of the 3391cm-1 peak is 54 cm-l FWHM. 
It can also be seen that the peaks are frequency-shifted as the pump focal length 
changes. To minimise confusion the two modes will be referred to here as the 3215 
and 3400cm-1 modes (-642.5nm and -648.5nm), according to the most consistent 
values in the literature (Section 2.5.1). These are the strongest modes seen in most 
spontaneous studies and have been ascribed to O-H symmetric stretching (Section 
2.5.1). A third much weaker peak is just visible, between the two strong modes, at 
3300cm-1. This is not close to any vibrational transition but could be a product of a 
rotational Stokes component. This component was difficult to track in many of the 
results and is not examined here. 
Irradiance ratio data for the two Stokes peaks were plotted against wavelength (or 
frequency shift) for experiments where the following parameters were varied: 
• Pump laser pulse energy 
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• Focusing distance (into the tank) 
• Water temperature 
Spectral measurements were limited by pulse to pulse variations In the Raman 
transition. Results shown are typically the mean of five shots, to reduce this error. 
Standard deviation for the measured spectra was calculated to be +/-O.2nm or 5cm- l . 
The error in irradiance measurements is +/-4.3% calculated from the range of 
individual spectral plots combined to produce Figure 5.8. 
It has been seen (in Section 5.5.2) that SRS in the unfocused beam originates from 
self-propagating high-irradiance filaments. This made spectral analysis of the 
unfocused pump beam quite complex because the multiple filaments generated at 
higher pump powers could each have different peak irradiance and potentially 
produce Stokes photons of different gains and frequency shifts. Averaging over five 
shots helps to reduce this uncertainty. But, where possible, results are taken from 
experiments using a focused beam. The measured SRS threshold suggests that 
filaments tend not to form under these conditions. 
5.6.1 The effect of water temperature 
If experiments using similar conditions with different water temperatures are 
compared, it can be seen that the 3230cm-1 mode decreases with increasing 
temperature (Figure 5.9). Qualitative comparison with results from CoBins et al 
[1984] and Walrafen [1967a] shows agreement concerning measurements of Raman 
line intensity variations with temperature. However my data contains better-defined 
peaks due to gain narrowing caused by the stimulated nature of the Stokes beam. This 
reduces errors in measuring the irradiance of the individual modes. The Stokes output 
in Figure 5.9 is displayed on a wavelength scale to show the absolute spectral position 
of the transitions. 
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Graph to illustrate the usefulness of SRS as a temperature 
measurement tool. The Stokes shifted components are displayed on a wavelength 
rather than wavenumber scale. 
It may be that there is an isobestic point at approximately 3300cm-1 (646nm). 
However this is a much lower frequency shift than the isobestic points seen by 
Walrafen et al [1986] at any polarisation configuration. 
The irradiance ratio ofthe two peaks is plotted against temperature in Figure 5.10. 
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Figure 5.10 Ratio of the two Stokes transitions measured for different water 
temperatures plotted in the form of Equation 26. 
It is difficult to argue that irradiance ratio is directly proportional to temperature from 
the evidence in Figure 5.10. Data taken over a wider temperature range is needed. 
However the trend of increasing ratio with temperature can clearly be seen. For now a 
proportional relationship, as seen by others (Section 2.5.1) for the spontaneous 
transition, will be taken as a first approximation. Notice the large range of ratio (9.8) 
for a temperature change of 15°C. Beccuci found a change of only 0.4 for 40°C 
temperature variation. Thus SRS is approximately sixty times more sensitive than the 
spontaneous transition. Unfortunately, this data does not show the same consistency 
as the functions from Becucci et al [1999] and Collins et al [1984] and Walrafen 
[1967a] (Equations 4 to 6). However this is because of large experimental errors 
accumulated in the process of refining the experimental technique. 
The gradient of the relationship in Figure 5.10 implies that the ratio of tetra and tri 
coordinated water (3215 and 3400cm-1 respectively) changes more drastically with 
temperature than has been previously seen. It is more likely however that our data is 
being influenced by the stimulated nature of the transition. It appears that temperature 
may affect some competition between the modes. 
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5.6.2 The effect of varying laser parameters 
In this section the effect of changing the laser pump pulse energy and focusing 
distance into the tank is investigated. It is believed that in both cases the irradiance 
ratio of the Stokes transitions can be related to changes in the pumped region, as 
described by the RIF. 
Firstly pump power changes are investigated. For both unfocused and focused beams 
it was seen that the ratio increased with pump power. Spectral output for an unfocused 
beam is shown in Figure 5.11. At 20mJ it can be seen that the Stokes transition is 
broad and poorly defined. Increasing the laser pump energy to 45mJ causes two 
smooth peaks to appear in the output. Increasing the pump energy again to 95mJ per 
pulse causes a decrease in the relative intensity of the 3215cm-1 mode such that it 
begins to be lost in the tail of the 3400crn-1 mode. 
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Figure 5.11 Spectrometer plots for a beam focused at lm averaged over five 
pulses, showing the weak and strong modes at l4.0°C. 
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Looking again at Figure 5.8, it can be seen that the intensity ratio of the peaks varies 
dramatically with focusing distance of the optical system. 
It was hypothesised the trends seen with changing beam parameters were both related 
to energy variations in the pumped region. Data from focusing and pump power 
experiments is combined and plotted against RIF in Figure 5.12. 
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Figure 5.12 Graph to show similarity of behaviour of the Stokes transition for 
variation in pump pulse energy and focal length. To scale RIF for filament 
formation, the unfocused beam has been multiplied by 10 (Section 5.5.2). Yerror 
bars show the consistency between the experiments (all experiments conducted at 
14.0DC). Data points at 200xl012Wm-1 should coincide. 
All the data sets in Figure 5.12 show the same qualitative dependence on RIF : larger 
RIF gives larger ratio . The linearity of data is difficult to assess because of the limited 
range and obvious errors . Whether the irradiance ratio can be completely defined in 
terms of the RIF is not yet known. If data were of a higher quality and the model more 
refined to include accurate scaling factors , it may be found that the data would form a 
continuous line. The unfocused data is not expected to align since further 
investigation of filamentary behaviour has already been advocated. However, 
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agreement is good enough to suggest that the filamentary RIF scaling factor is an 
appropriate first approximation. 
It appears that an increased RIF has the same effect as raising water temperature. It 
has already been discussed that stimulated processes could account for the more 
sensitive temperature relationship seen here. Figure 5.12 gives further evidence that 
the observed irradiance ratio is being influenced strongly by pump factors . It is not 
known whether an intense pump region (high RIF) is causing changes in stimulated 
processes or thermally-affecting the water and breaking hydrogen bonds. 
5.7 Results Ill: Stokes line frequency shifting 
In addition to changes in intensity ratio between the two Stokes lines, spectral changes 
were observed over the entire Raman output. It was found that varying the 
convergence angle of the pump beam caused spectral shifts in both stimulated Raman 
peaks. Although analysing the source of the variations has been inconclusive, some 
theories are presented. Comparison with the literature is difficult since previous 
authors have only made spectral measurements of this type with the broad 
spontaneous Raman spectrum. Thus the computed centre frequency of a spontaneous 
component is not necessarily an accurate measurement of a single oscillation 
contribution. The two or four component fits cannot be compared directly with the 
two distinct peaks seen in the stimulated transition. In contrast, measurements made 
here have very well defined peaks and confidence in measuring the centre frequency 
can be much higher. 
5.7.1 The effect of water temperature 
Data so far is inconclusive on the exact relationship. However there appears to be a 
general trend of a larger frequency shift of the "3400cm-1" mode with increasing 
temperature (see Figure 5.13), as reported by Walrafen et al [1988] (at much higher 
pressures) . This is influenced strongly by the laser parameters. 
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Figure 5.13 Shift of the "3400" mode for all data at various pump powers and 
focal lengths. Data points show the mean and standard deviation for data at four 
different water temperatures. 
At the extremes of focusing and pump power, the limits of frequency agility were 
3371 at 6.1 °C to to 3439cm-1 at 21.9°C. Experimentation with a low RIF at 14.0°C 
provided the lowest single measured shift at 3364cm-1. This means that it is possible 
to produce a continuously tuneable red output from at least 648 to 651nm. This large 
spectral range has not been seen before from water as a SRS source. 
5.7.2 Frequency shifting with beam parameters 
Analysing the spectral data shown in previous sections has not been conclusive. Some 
tests revealed a peak frequency shift at a focusing distance of 2m (see Figure 5.8). 
However this could not be confirmed in all other data. More work is required to 
determine whether varying pump parameters are causing localised heating of some 
more complex mechanism. Unlike SRS from crystals [Klewitz et al 1996], the 
dynamic structure of water and the relatively small changes in focusing angle (2.5°) 
makes it seem unlikely that the spectral shift is a function of vector considerations. 
5.B/mpact on underwater propagation 
Conventional thinking on pulsed beam propagation underwater has not considered the 
non-linear effects of stimulated Raman scattering. It has been shown here that 
significant pulse energy will be lost to Stokes and anti-Stokes frequencies as red and 
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blue light. These transitions could only be observed because of the novel tank design. 
It is thought likely that some underwater optical systems are experiencing SRS 
without the designers ' knowledge. 
Conversions of 32%, for focused beams, and 7% when unfocused have been 
measured. It is now known that SRS can be generated even below the measured 
threshold by the action of self-focused filaments forming within the propagating 
beam. 
F or conventional illumination tasks SRS will be undesirable since any radiation at 
649nm will be attenuated more strongly than 532nm. Also there will be some loss in 
the conversion making propagation inefficient. To avoid SRS, irradiance must be kept 
below 4 x l09 Wm-2 to prevent self-focusing from which SRS will be generated . If the 
beam is strongly converging or diverging, filaments are less likely and the irradiance 
maximum becomes 6x 1013 Wm-2, the conventional SRS threshold. 
To enable users to assess underwater laser systems, the RIF model was developed. 
This function can verify whether a given projection design is operating above the SRS 
threshold. Prediction of the initiation conditions and SRS output is relevant to the 
design of imaging, communications and any other underwater system employing 
pulsed lasers. Alternatively the RIF model can facilitate variation of the pump to 
improve conversion efficiency to Stokes frequencies and vary their irradiance ratio . A 
potential example of this is in pursuing SRS as a remote temperature sensor. In terms 
of new transmission possibilities, of particular interest is the possibility of high 
irradiance filaments self-propagating over large distances through water. 
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6 A novel beam projection system with 
range-gated imaging 
In this chapter a novel projection system, using a spatial light modulator (SLM), is 
employed to demonstrate a method by which non-linear effects can be avoided and 
efficient beam transport maintained. Results are shown for images recorded through 
clear and and a suspension of clear glass scatterers. 
6. 1 Introduction 
There are areas for improvement in wholefield real time underwater imaging. Current 
technology enables only fast scanning or fixed beam shape imaging (Section 2.6). A 
flexible imaging system has been investigated at Loughborough that has the potential 
to provide many beam shapes with a solid-state projection system and range-gated 
camera. The system overcomes the non-linearities associated with high power pulsed 
beam propagation through water and combines the advantages of wholefield and 
scanning techniques. Results are shown from laboratory testing and suggestions are 
made for an in-situ system. 
6.1.1 Aims 
The knowledge gained from the study of high power laser propagation can now be 
used in a novel imaging situation. In this instance it is important to avoid any non-
linearities associated with high power beams, so the basic condition is to keep 
irradiance below the SRS threshold of6xl013 Wm-2. Ideally the irradiance would also 
be below the self-focusing threshold of 4xl09 Wm-2. 
6.1.2 Method 
Using the expertise gained from parametric studies, coupled with a kinoform 
generation capability, a new imaging system was designed and built to provide a 
solution to the problems summarised above, offering superior beam projection. This 
work investigates the usage of a novel range-gated system for long distance feature 
identification, suitable for imaging dynamic objects. 
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6.2 Equipment 
The system reported here is based around a pulsed frequency-doubled Nd:Y AG laser 
manipulated by a solid-state liquid crystal spatial light modulator (SLM, see Section 
2.6.2). The power density entering the tank, at approximately 2x109 Wm-2 for a 60mJ 
pulse, was designed to be below the threshold for self-focusing (actually at 50%), to 
minimise the probability of generating SRS. Also it is anticipated that most imaging 
situations will require a larger illumination area than that shown here. This would 
mean that the propagating beam would diverge more strongly and the probability of 
filament formation would fall further. 
The kinoforms used are high-efficiency holographic elements developed at 
Loughborough [Noden et al 1998]. The kinoform size is 512x512 pixels (see Figure 
6.2) so some clipping occurs, when it is displayed, reducing optical efficiency. 
Another limit on the overall efficiency is the construction of the SLM itself A cross 
grating (see Figure 6.1) masks individual transistors adjacent to each pixel. This raises 
two problems: unwanted diffracted orders and extinction of a percentage of the input 
beam. The amount of light transmitted is given by the fill factor. This is a measure of 
the ratio of uncovered pixel area to mask area. The SLM used here has a fill factor of 
only 42%. Future SLMs will have improved fill factors increasing the transmission 
efficiency and minimising the diffracted orders. 
Figure 6.1 A diagram of the mask superimposed over the SLM (to 
hide transistors attached to each pixel). 
Changing the convergence/divergence angle of light passing through the SLM or 
changing parameters defined in the generating algorithm can vary the distance to the 
image plane. 
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512*512 pixel kinoform used to holographically-project "LUT" at 
2m. The phase levels are represented here as grey levels. 
The inbuilt focusing term can be seen as circular patterns superimposed on the 
kinoform. Note that the grey levels seen in Figure 6.2 actually represent phase 
changes in the SLM structure. In these experiments the SLM operates in phase only 
mode to maximise transmitted radiation. The focal length, of the kinoform, is 
definable when generating the kinoform. The optical set-up for reconstruction of the 
kinoforms is outlined below. A mask allowed light only through the active area of the 
device. 
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The SLM has only been used for imaging experiments so far. Improvements In 
construction technology should enable usage in the more sensitive areas of 
quantitative transmission measurements. 
The returning signal is imaged by a range-gated intensified CCD camera and digitally 
recorded (Section 2.6.5). Gated cameras have been demonstrated to enable viewing 
distances up to five times greater than conventional cameras [Fournier 1994a]. The 
gate is hardware-controlled to achieve a temporal width down to 4ns. Here a width of 
between 5 and IOns is selected to give the best signal to noise ratio . Since imaging is 
to be undertaken in strongly attenuating media, an image intensifier is used in 
conjunction with the camera. Any post-processing takes place off-line. 
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Figure 6.4 The SLM in front of the tank with a beam from a corn pact pulsed 
laser passing through it. The gated camera is viewing the image on the target 
(inside the tank). 
6.3 Results and discussion 
Firstly the image of "LUT" was projected through 4m of clear tap water. The results 
can be seen in Figure 6.5. The increasing brightness from left to right, on the image, is 
a function of output problems with the laser and not due to the kinoform error. 
Figure 6.5 Gated at 5ns. The image is projected through the SLM to a target 
4m through fresh tap water. Letter height is approximately 17mm. 
The camera was gated at 5ns to reject any scattering from the impure water. Figure 
6.5 is an example of one of the better images produced by this system. Large 
improvements will be possible with accurate representation of the laser input profile 
in the kinoform-generating code. 
Next a quantity of clear glass spheres, of 1 to lO~m diameter size distribution, was 
added to the tank to increase scattering. The beam attenuation coefficient was 
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measured to be c=0.52m-1 with the Labmaster. The camera to target distance was 
therefore 2.1 attenuation lengths. This is the maximum distance for coherent 
techniques as calculated by Swanson. 
A B 
Figure 6.6 Gated at (A) 108ns, and (B) 5ns. Images projected using the SLM 
at 4m through turbid water. 
It can be seen for the first time III Figure 6.6, that complex images can be 
holographically projected through turbid water. This method overcomes the non-
linear problems associated with traditional systems, since non-linear intensity regions 
are not reached, and gives total control over transmission geometries. The image 
resolution is sufficient for the serifs at the base ofL and T to be seen. 
Note that these results were achieved with non-optimal equipment. Large increases in 
quality are anticipated with advances in SLM construction and increased development 
of projection and imaging components. 
It is important to understand that any geometry can be produced by the SLM, from a 
focused spot to a region of constant irradiance. This gives a great advantage in 
versatility over traditional systems, since the SLM can enable line scans as well as 
genuine wholefield illumination. 
A line profile plot taken through both images can show the gains achieved by range 
gating. 
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Figure 6.7 Line profile comparison showing the improvements possible with a 
basic range-gated system. Data at 5ns exposure is displaced upwards 50 units to 
increase clarity. 
Notice the noise structure at lOOns gate time. Finding the edges of the letters is more 
difficult because the dynamic range of background noise is larger. Signal to noise 
ratio is higher for images captured at a gate width of 5ns, because later-arriving 
scattered photons are excluded. Over a longer distance, or with a higher scattering 
coefficient, the differences would be even more marked. To achieve the optimum 
image quality the gate-width must be matched to laser pulse width and the range to 
the target. 
Note that the overall irradiance increase, from left to right on the image, is a function 
of imperfect laser output and focusing configuration. With an accurately measured 
irradiance profile, the kinofonn algorithm could to an individual laser. 
Analysing the grey level histograms of the various recorded images can quantitatively 
assess the improvements gained by gating (see Figure 6.8). 
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Figure 6.8 Normalised grey level histograms of entire images. 
The ungated images (1OOns and 1 08ns) show a grey level distribution with a single 
peak. The grey level histogram for the gated image (Sns) however can be seen to 
contain a peak at a grey level of 8S, and a distinct shoulder at a grey level of 6S . 
These features arise from the text and backgound in the recorded images respectively. 
An auto-scaling routine in the camera software is responsible for the bulk shift in grey 
level between gated and ungated images. 
Another way of examining the statistical data is by looking at grey level histograms of 
selected areas (Figure 6.9). This idea comes from a similar system developed by Tyo 
et al [1996]. The grey level histograms of two regions of the image are compared: one 
in the background, the other over the "signal". Comparing the results for short and 
long-gated images, using the same areas, can reveal contrast differences between 
signal and background noise. 
110 
Imaulng 
20 ~--------------------~ 
18 +---~~----------------~ 
16 -I------r-I---------------------I 
.!!!. 14 +-----fl-I+------t--+--------~ ~ 
'0. 12 +----lIlIHlI----___ rI\--.--------~ 
...... 
~ 1 0 -I----+'f~__f_ 
Q) 
~ 8 -1----1-+-1+---* 
E 
~ 6 +---+-1H--II1HlI1'-
4 +----+--+--+JIIHI-... III--ll--tr------~ 
2 -I----,rP----honfJ-J+H-
0 +A~~~·~~~~--~ 
50 100 150 
grey level 
200 250 
TberSlater 
- background 5ns gate 
- text5ns gate 
- background 1 DOns gate 
- text 1 DOns gate 
Figure 6.9 Grey level histograms for two matching areas on 5ns and lOOns 
gate-width images. 
The reason for choosing lOOns rather than a longer time frame is to minimise the 
acceptance of light from sources other than the laser. The regions measured were 10 
pixels wide by 20 pixels high. The "text" was taken from the upright in the T ofLUT. 
The background is taken from a corner of the images, where there should be no light 
projected by the SLM. The same regions were used for both images. Looking first at 
the mean grey level for each histogram, contrast was calculated according to Gilbert 
and pernicka [1967]: 
signal- background 
contrast = --'='-----------'''-----
background 
Equation 17 
Contrast at 5ns gate is 0.97, but at lOOns only 0.15, proving the Image quality 
improvement with a range-gated camera. 
The second piece of information to be found is the relative width of the peaks. The 
background at 5ns has standard deviation of only 6 pixels where the lOOns image is 
11 pixels. This shows that the distribution of noise is lower for the tightly gated 
image, which means it is more easily removed from the image by post-processing. 
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6.4 Impact on underwater propagation 
The advances made in the understanding of non-linear beam effects mean that a 
projection system has been designed which overcomes such transmission 
complications. In addition it has been shown that coherent projection is possible 
through turbid water. The flexibility of two-dimensional illumination patterns 
available with the SLM makes it an attractive tool for many underwater applications. 
The noise rejection advantages of a range-gated receiver has also been demonstrated. 
For a more detailed study of gated imaging far better equipment exists. McLean et al 
[1995] showed (with 0.5ns laser pulses) that gating down to 0.12ns improves noise 
rejection over the 5ns minimum achieved here. The SLM is also not the best available 
in terms of number of pixels and fill factor. However the equipment used here was 
sufficient to show the potential benefits of using a solid state beam-shaping device in 
a range-gated system. 
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7 Conclusions 
This project began as a laboratory-based beam propagation study, which diversified 
into three distinct areas: thermal lensing, stimulated Raman scattering and imaging. I 
will look at these chapters separately and then summarise the effect on transmission 
applications. 
7. 1 Test facility 
Water maintenance has only previously been studied in the context of fish keeping. In 
this work it has been shown that turbid seawater can be maintained with a 
transmissivity decrease of only 2% per day for two weeks. Path lengths up to 27m 
have been achieved using only 250 litres of water. 
7.2 Thermallensing 
Cw laser propagation has identified thermal lensing in absorbing suspensions. Laser 
heating causes a fall in refractive index and defocusing of the beam. Investigating the 
effect, suspensions of small black spheres and solutions of red were used to amplify 
the lensing and a model developed to describe the far-field pattern. 
Concentric fringes were seen in the far field. The outer fringe was widest and most 
intense. The rings were modelled showing the origin to be a Gaussian refractive index 
profile imposed on the water (orthogonal to the beam). This gives each laser 
wavefront a Gaussian curvature (as well as Gaussian irradiance profile) causing the 
beam to defocus. This generated a concentric fringe pattern in the far-field. A model 
was designed which gave very good agreement with the observed optical structure of 
the pattern for absorbing spheres or dye. No dark spot was seen at the pattern centre, 
as described by Harrison et al [1997]. Instead the fringes appeared to converge to a 
point of 25% maximum irradiance. The difference is believed to be a function of the 
short cell length in his case. 
A thermal analysis suggested a four stage thermal development over time. 
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1. Energy is absorbed by particles or dye molecules and conducted to adjacent water 
molecules. Refractive index falls and the beam is seen to expand approximately 
linearly with time. 
2. The water within the beam continues to heat but now heat is conducted to water 
surrounding the beam. Refractive index gradient falls and beam growth slows. 
3. Convection increases to a significant level. Cool water flowing into the beam path 
causes a contraction in the beam pattern and asymmetric shape. Upward flow may 
give a low refractive index gradient above the beam and low expansion in that 
direction, hence an approximately semicircular far field pattern with the flat side 
facing up. 
4. Steady state condition. Convection is at maximum so the peak water temperature 
is probably lower than in stage two. The far-field pattern is therefor smaller than 
at stage two and remains asymmetric. 
Stages one and four were examined showing changes with beam input power. Pattern 
size was not proportional to power in the steady state. This was thought to be because 
of large convection currents present. The pattern development was seen to be 
approximately twice as fast for a dye solution as for absorbing particles. This is 
attributed to faster heat transfer possible with the dye solution. An exact function to 
describe the thermal processes has not yet been found partly because it was not 
possible to physically isolate each stage (conduction from convection) in the results. 
New experimental design will be required for this to be pursued. 
7.3 Stimulated Raman scattering 
High-power stimulated Raman scattering from liquid water has been observed and 
analysed using the RIP model designed here. In terms of pump irradiance, this work 
sits between the studies of spontaneous Raman scattering by Collins et al [1984] and 
the LIB work of Yui et al [1999]. With a 532nm pump beam, Stokes conversion 
efficiency of up to 32% has been recorded. This corresponds to a maximum pulse 
energy output of7.0mJ at the strongest Stokes line (~649nm). The SRS threshold was 
measured to be 6x1013 Wm-2 for a focused pump beam. Using an unfocused pump 
beam SRS was seen at only 4x109 Wm-2 due to filamentary action. High irradiance 
filaments were formed due to self-focusing of the pump beam. Thus 4x109 Wm-2 is 
both the self-focusing threshold and the effective SRS threshold for an unfocused 
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beam. SRS from filamentary behaviour was found to have only 7% conversion 
efficiency. An anti-Stokes component was also seen at approximately 459nm. 
Conversion efficiency was less than 1%. 
A model was designed to help explain variations in the Stokes output with pump 
beam focusing and pulse energy. I called this the Raman interaction function (RIF) for 
a pump beam. The output from this model was the pump irradiance integrated over 
the interaction length. The RIF model was applied to focused and unfocused beams, 
giving qualitative and some quantitative success; the first time this has been achieved 
for such wide ranging beam configurations The model now requires accurate scaling 
and further filament-generation understanding for progress. 
This RIF model is useful in addition to the treatment by Bloembergen [1967], Becucci 
et al [1999] and others because: 
• RIF successfully deals with complex and varying beam shapes. 
• The input parameters for the RIF model are practical measurements, not atomic 
density etc. 
• RIF accounts for absorption of the pump beam as it propagates through the Raman 
medium (useful for long interaction lengths). 
• The model describes changes in irradiance ratio between the 3215 and 3400cm-1 
modes as well as absolute conversion. 
It was discovered that, under most conditions the SRS output consisted of two 
closely-spaced modes at approximately 642.8nm and 649.0nm. The two modes were 
ascribed to the strongest spontaneous Stokes frequencies, typically seen at 3215 and 
3400cm-1, symmetric O-H stretch modes. These arise from tetra and tri-coordinated 
water arrangements respectively. It was seen that when pump beam parameters or 
water temperature were varied the Stokes output was affected both by changing the 
irradiance ratio (3400/3215) of the two modes and their spectral position. 
The mode irradiance ratio was found to be proportional to RIF and temperature. The 
ratio was related to water structure through the use of the RIF model. Under certain 
conditions (low temperature, low RIF), we saw an inversion of the conventional mode 
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irradiance ratio, where the 3215cm-1 mode became the stronger. The linear 
temperature function itself was approximately sixty times more sensitive than 
spontaneous Raman systems (between 6 and 22°C). 
The ratio of two distinct modes lends support to the two-state model of water as 
championed by Walrafen et al [1986] and others. However we did not see an exact 
isobestic point (in part due to experimental error) which is a requirement of the two-
state model. Temperature increase pushed the irradiance ratio in favour of the 
"3400cm-1" mode, which comes from water without the full complement of hydrogen 
bonds. So raising the temperature reduces the degree of hydrogen bonding, as 
expected. However the rate of change with temperature implied more drastic 
structural modification than has been seen before. If not this is a new product of the 
stimulated processes. Also the ratio was observed to behave for increased pump 
power as for increased temperature. This has not been reported before. The high pulse 
energy (140mJ) available might be breaking hydrogen bonds, similarly to thermal 
excitation. 
Data concerning the absolute spectral shift was less conclusive. Results suggested that 
increased water temperature lead to a larger frequency shift, but the errors were large. 
The shift could not be resolved with RIF or other beam parameters. They were 
influencing the spectral movement, but there was not enough consistency between 
sets of results to draw any firm conclusions. The overall shift range gave a 
wavelength-tuning band of 648 to 651nm (for the "3400cm-1" mode) when varying 
both water temperature and beam parameters. This, coupled with a 7mJ output, could 
make SRS from water useful as a tuneable red pulsed source. 
7.4lmaging 
This is an example of one application where knowledge of non-linear pulsed and cw 
effects can be employed. A pulsed laser was used to avoid thermal lensing and the 
beam was expanded such that irradiance was below the SRS and self-focusing 
thresholds. Until the precise mechanism for filament formation is understood we will 
not be able to assess the influence of the diffractive optic in enhancing or destroying 
filamentary behaviour. 
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It has been shown that imaging through turbid water with holographic beam shaping 
is feasible. The SLM, combined with a range-gated camera, enables a flexible, closely 
defined light structure to illuminate the target. A range-gated camera can then capture 
a wholefield image. The system combines the advantages of scanning and wholefield 
imaging by enabling both types of task to be performed with one projection 
configuration. To the authors' knowledge this system has been seen before for 
underwater illumination. 
7.5 General recommendations 
opucalpropagauon 
for underwater 
The novel design of the test facility has enabled some important discoveries 
concemmg underwater laser propagation. It has been shown that the accepted 
measurements for beam transmission are neglecting vital non-linear components for 
both cw and pulsed lasers. The basic parameters of absorption and scattering must 
now be supplemented by knowledge of the thermal lensing and SRS contributions 
respectively. 
The basic requirement for avoiding thermal lensing or SRS is to keep irradiance low. 
For cw applications unfocused beams above 100mW can be affected. The impact on 
results will depend on the application. It is important to remember that the effect is 
strongly dependent on the absorption coefficient of the water used. Expansion and 
collimation of the beam, where possible, are the first suggestions for avoiding thermal 
lensing. In addition, since the effect develops over a period of seconds, flowing water 
or a scanned beam will reduce the heating effect. However remember that, at 3.2W, 
the free convection flow rate was 2mms-1. The optical effects at this rate were 
considerable. Therefore the effective flow rate, orthogonal to the beam, may have to 
be in the region of centimetres per second for turbid water. 
For pulsed lasers the irradiance needs to be below 6xl013 Wm-2 for direct SRS 
pumping. The SRS threshold will usually only be exceeded with focusing. Also one 
needs to be aware of SRS by self-focusing. This has been seen at 4x 109 Wm-2 for a 
weakly diverging (0.6mrad) beam. Experiments here have suggested that filamentary 
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behaviour and self-focusing can be destroyed with a more strongly converging or 
diverging beam. The liquid crystal SLM has been shown to be useful in avoiding SRS 
in an imaging situation where high irradiance was desired on the target. It may be 
important for other applications. 
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7.6 Further work and applications 
7.6.1 Test facility 
Even higher optical stability is needed to use the facility at maximum path length. A 
new design will need composite rails or some other method of improving rigidity. 
More testing is needed to examine the differences between focused and unfocused 
beam attenuation measurements. A new specification must be drawn up to define 
requirements for angular and temporal acceptance of beams in a multipass 
environment. 
Once this is complete the system can then be used for water samples of different 
water types in comparative studies. Then the chemical measurements can be related to 
optical variations in the water, particularly with reference to SRS. Conditioning 
techniques can also be refined. 
7.6.2 Thermal lensing 
This is a phenomena that is of academic interest for its "self analysing" properties. 
Some finite element modelling has already been undertaken to examine the 
convective flow in the test chamber. Viewing orthogonally to the beam with an 
interferometer may reveal more about the temperature distribution in the water in and 
around the beam cylinder. Another interesting experiment would be to use black glass 
absorbers and analyse with a laser doppler anemometry system (LDA). Using a light 
sheet intersecting the lensing beam, particles could be tracked in the convection 
currents. 
A more accurate picture of the water temperature gradients will enable refinement of 
the optical model. Improvements can then be made in quantitative accuracy and 
description of the asymmetrical condition. 
7.6.3 Stimulated Raman scattering 
The are several directions in which work could proceed. As well as the original aim of 
understanding and improving high power underwater laser propagation, new areas 
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have been opened up: SRS as a light source, a water measurement tool and, 
potentially, an image amplifier. For all areas higher equipment quality will enable 
more quantitative measurements to be made. 
Self-focusing and filament formation needs to be investigated. How far can they 
propagate? Does initiation depend upon diffraction around suspended particles? Self-
focusing may be a useful technique for underwater transmission if it can be predicted. 
As a tool for temperature measurement, SRS compares well with prevIous 
spontaneous Raman scattering methods. Sensitivity is higher and SRS can give 
improved precision due to the distinctiveness of the gain-narrowed peaks. Varying 
focusing parameters may increase the temperature range of the system. 
Water structure has been thoroughly studied by Walrafen et al [1986] and others but 
questions still remain about hydrogen bonding and its great influence. In this project 
we have also raised the issue of thermal effects from the pump beam itself SRS may 
be able to give data beyond the scope of spontaneous experiments. The first step will 
be to introduce polarimetric methods that will yield more information about the origin 
of the two Stokes lines. 
With tuneable SRS as high as 7mJ seen, there are possibilities of using the Stokes 
output as a source for applications where dye lasers are currently employed (e.g. two-
colour particle image velocimetry - PlV). Results here suggest that even shorter 
wavelengths may be available for lower water temperatures, and vice versa. An SRS 
source from water could be cheaper and far simpler to construct. There could also be 
an impact on medical imaging where water tanks, a safety improvement, would 
replace hydrogen resonators. 
At present SRS is still quite limited as a coherent source due to its comparatively 
broad peaks (each 2.5nm wide). It may be possible to improve this with an etalon, 
seeding or multipass cavity. It may also be interesting to investigate conditions to 
improve the anti Stokes component. 
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Development of the RIF model would complement practical work. This needs 
refinement in the irradiance profile across the beam width and a better understanding 
of filament formation 
7.6.4 Imaging 
Improvements to the imaging system used here fall into two areas: kinoform 
generation and equipment. The former requires more refinement of the kinoform-
generating algorithm. Matching the laser spatial irradiance profile will improve the 
output quality. The second area is simply a matter of spending more money. Diode-
pumped neodynium-based sources are now becoming available with low power 
consumption and high energy pulsed output in the region 523-532nm. These are 
suitable because of their power supply and packaging requirements whilst providing 
light at an energy-density and frequency ideal for underwater propagationlimaging 
experiments. A high capture rate camera, eg 250Hz - 10 shots per frame, with gating 
to O.lns width [McLean et aI1995], will improve the usefulness of the system for real 
time applications including ROV and autonomous underwater vehicle (AUV) 
navigation and vision. An SLM with improved fill factor and higher resolution would 
transform the capabilities of a solid-state illumination / imaging system. Finer control 
over the output structure would be possible and higher diffracted orders would be 
minimised. A zoom lens arrangement would be an improvement by providing a 
variable field of view, increasing the speed of target location at long distances. Digital 
frame storage and averaging would enhance the quality of gated images by averaging 
out much background noise, if used in conjunction with a high frame-rate camera. 
Lastly, faster computer hardware can speed up the kinoform algorithm (currently 
several hours for completion). 
Other techniques that might be employed include polarimetric methods to reduce 
backscatter and band pass filtering at the laser wavelength. With the addition of 
automated processing, a polarisation difference analysis could be performed [Tyo et al 
1996]. This would enhance feature recognition by examining contrast between small 
areas of the image. 
121 
ThorSlal8r 
8 References 
1. Anderson RD, Howarth RF, Mooradian GC, (1978) Detection of shallow 
submerged obstacles by two-colour Iidar at angles of incidence 
approaching 90 degrees, In: Ocean Optics V, THE SOCIETY OF 
PHOTO-OPTICAL INSTRUMENTATION ENGINEERS v160, p166 
2. Anthore R et ai, (1982) Interaction between a laser beam and some liquid 
media, Applied Optics v21, nI, p2 
3. Babin M et ai, Scattering properties of case 2 water particles, In: Ackleson S 
(ed) (2000) Ocean Optics XV; Oct 16-20 Monaco, Office of Naval 
Research, Ocean Atmosphere and Space S&T department 
4. Bartlett JS et al (1998) Raman scattering by pure water and seawater, 
Applied Optics, v37 n15, p3324 
5. Battle PR, Wessel JG, Carlsten JL, (1993) Growth from spontaneous 
emission in a raman multipass cell, Physical Review A, v47 n5 ptB, 
p4308, 
6. Becucci M et al (1999) Accuracy of remote sensing of water temperature by 
Raman spectroscopy, Applied Optics, v38 n6, p928 
7. Ben-Daivd A, (1995) Multiple-scattering transmission and an effective 
average photon path length of a plane-parallel beam in a 
homogeneous medium, Applied Optics, v34 n15, p2802 
8. Bloembergen N, (1967) The stimulated Raman effect, American Journal of 
Physics, v35 nIl, p989 
9. Bruce NC et ai, (1995) Investigation of the temporal spread of an ultrashort 
light pulse on transmission through a highly scattering medium, 
Applied Optics, v34 n25, p5823 
10. Buiteveld H, Hakvoort JHM, Dome M, (1994) The optical properties of pure 
water, In: Ocean optics XII (conference proceedings), THE SOCIETY 
OF PHOTO-OPTICAL INSTRUMENTATION ENGINEERS v2258, 
p174 
11. Caimi F, (1993a) Laser flight imaging for underwater use, Sea Technology, 
December 
122 
ThorSlater 
12. Caimi FM et at, (1993b) Advanced underwater laser systems for ranging, 
size estimation and profiling, MARINE TECHNOLOGY SOCIETY 
Journal, v27, nI, p31 
13. Cariou J et ai, (1990) Polarization effects of seawater and underwater 
targets, Applied Optics, v29 nIl, p1689 
14. Carter CA, Harris JM, (1984) Comparison of models describing the thermal 
lens effect, Applied Optics, v23 n3, p476 
15. Collins DJ et ai, (1984) Recent progress in the measurement of temperature 
and salinity by optical scattering, In: Ocean Optics VII (conference 
proceedings), THE SOCIETY OF PHOTO-OPTICAL 
INSTRUMENTATION ENGINEERS v489, p247 
16. Costello DK, Carder KL, Hou W, (1992) Structured visible diode laser 
illumination for quantitative underwater imaging, In: Ocean Optics XI 
(conference proceedings), THE SOCIETY OF PHOTO-OPTICAL 
INSTRUMENTATION ENGINEERS v1750, p95 
17. Da Costa G, Escalona R, (1990) Time evolution of the caustics of a laser 
heated liquid film, Applied Optics, v29 n7, p1023 
18. Davis RP, Stabeno P, Cullen JJ, Use of optical measurements from moorings 
to detect coccolithophore blooms in the Bering Sea, In: Ackleson S 
(convenor) (2000) Ocean Optics XV; Oct 16-20 Monaco, Office of Naval 
Research, Ocean Atmosphere and Space S&T department 
19. Dierssen HM, Smith RC, Case 2 Antarctic coastal waters: the bio-optical 
properties of surface meltwater, In: Ackleson S (convenor) (2000) 
Ocean Optics XV; Oct 16-20 Monaco, Office of Naval Research, Ocean 
Atmosphere and Space S&T department 
20. Dunn A, DiMarzio C, (1996) Efficient computation of time-resolved transfer 
functions for imaging in turbid media, Journal of the Optical Society of 
America, vB nI, p65 
2l. Encyclopaedia Britannica [online], available from:http://www.britannica.com 
22. Evans PM, Klepsvik JO, Bjarnar ML, (1998) New technology for subs ea laser 
imaging and ranging system for inspection and mapping, Sensor 
Review, v18, n2, p97 
23. Faris Gw, Copeland RA, (1997)Wavelength dependance of the Raman cross 
section for liquid water, Applied Optics, v36 n12, p2686 
123 
ThorSlalar 
24. Foster E, Watson J, (1997) Holography for underwater inspection and 
measurement: an overview of current work, Optics and Laser 
Technology, v29, nI, p17 
25. Fields M H; Popp J; Chang R K, (1996) External seeding of stimulated 
Raman scattering in microdroplets, Optics letters, v21 n18, p1457 
26. Fournier GR, (1994a) LUCIE - Laser enhanced underwater camera, Sea 
Technology, p55 
27. Fournier GR, Bonnier D, Forand JL, (1994b) Underwater laser imaging 
system with large field of view, Ocean Optics XII (conference 
proceedings), THE SOCIETY OF PHOTO-OPTICAL 
INSTRUMENTATION ENGINEERS v2258, p413 
28. Freeman S K, (1974) Applications of Raman spectroscopy, ISBN 0-471-
27788-6 
29. Ge Y, Gordon H R, Voss K J, (1993) Simulation of inelastic-scattering 
contributions to the irradiance field in the ocean: variation in 
Fraunhofer line depths, Applied Optics, v32 n21, p4028 
30. Gilbert GD, Pernicka JC, (1967) Improvement of underwater visibility by 
reduction of backscatter with a circular polarisation technique, 
Applied Optics, v6 n4, p741 
31. Gordon A, (1993) Underwater laser line scan technology, Underwater 
Systems Design, v50, n2, p 164 
32. Gordon HR, Smith RC, Zaneveld JRV, (1984) Introduction to ocean optics, In: 
Ocean Optics VII (conference proceedings), THE SOCIETY OF PHOTO-
OPTICAL INSTRUMENTATION ENGINEERS v489, pI 
33. Gordon JP et ai, (1965) Long-transient effects in lasers with inserted liquid 
samples, Journal of Aplied Physics, v36 nI, p3 
34. Gousebet G, Lefort E, (1987) Thermal lens oscillations at low powers, 
Applied Optics, v26 n15, p2940 
35. Haist T, Wagemann E-U, Tiziani HJ, (1999) Pulsed laser ablation using 
dynamic computer-generated holograms written into a liquid crystal 
display, lOP Pure and Applied Optics, vI, p428 
36. Han L, Rundquist DC, (1994) The response of both surface reflectance and 
the underwater light field to various levels of suspended sediments: 
124 
ThorSlater 
preliminary results, Photogrammetric Engineering and Remote Sensing, 
v60 n12, p1463 
37. Harrison RG et ai, (1997) A new self-diffraction pattern formation in 
defocusing liquid media, Optics Communications, v139, p69 
38. Harvey AH, Gallagher JS, Levelt Sengers, (1998) Revised formulation for the 
refractive index of water and steam as a function of wavelength, 
temperature and density, Journal of Physical Chemistry Reference Data, 
v27, b4,p761 
39. Hebden Je, Delpy DT, (1994) Enhanced time-resolved imaging with a 
diffusion model of photon transport, Optics Letters, v 19 n5, p3ll 
40. Hittleman R L et al., (1975) The performance of low light level television 
cameras on underwater remote controlled vehicles and towed sensor 
platforms, In: Ocean Optics (conference proceedings), THE SOCIETY 
OF PHOTO-OPTICAL INSTRUMENTATION ENGINEERS v64, P 128 
4l. Hobson PR, Watson J, (1999) Accurate three-dimencional metrology of 
underwater objects using replayed real images from in-line and off-
axis holograms, Measurement Science and Technology, vlO, p1153 
42. laffe Js, Zege E, (1998) Underwater optical imaging: new hardware and 
software, Sea Technology, p70 
43. lerlov NG, (1976) Marine Optics, Elsevier, Library of Congress catalogue 
number 65-12475 
44. Kirk JTO, (1994) Estimation of the absorption and the scattering 
coefficients of natural waters by use of underwater irradiance 
measurements, Applied Optics, v33 n15, p3276 
45. Klewitz S et ai, (1996) Tuneable Raman scattering by pumping with Bessel 
beams, Optics Letters, v21 n4, p248 
46. Koeppen SH, Walker RE, (1975) Effective radiance attenuation coefficients 
for underwater imaging, In: Ocean Optics (conference proceedings), 
THE SOCIETY OF PHOTO-OPTICAL INSTRUMENTATION 
ENGINEERS v64, p94 
47. Kogelnik H, Li T (1966) Laser beams and resonators Applied Optics, v5 nl0, 
p1550 
125 
mer Slater 
48. Krylov V et aI, (1996) Stimulated Raman scattering in hydrogen by 
frequency-doubled amplified femtosecond Ti:sapphire laser pulses, 
Optics letters, v21 n6, p381 
49. Leonard DA et aI, (1979) Remote sensing of subsurface water temperature 
by laser Raman spectroscopy, In: Ocean Optics VI (conference 
proceedings), THE SOCIETY OF PHOTO·OPTICAL 
INSTRUMENTATION ENGINEERS v208, p198 
50. Lewis GD, Jordan DL, (1999) Backscattering target detection in a turbid 
medium by polarization discrimination, Applied Optics, v38, n18, 
p3937 
51. Liu X et aI, (1998) Instrument for collimating and expanding Gaussian 
beams for underwater laser imaging systems, Optical Engineering, v37 
n9,p2467 
52. Maffione RA, Voss KJ, Honey RC, (1993) Measurement of the spectral 
absorption coefficient in the ocean with an isotropic source, Applied 
Optics, v32, n18, p3273 
53. Mahon R et aI, (1993) Time-gated imaging through dense scatterers with a 
raman amplifier, Applied Optics, v32, n36, p7425 
54. Marcano AD, (1992) Laser-induced bubble trapping in liquids and its effect 
on light thermal blooming, Applied Optics, v31, n15, p2759 
55. Marcano AD, Da Costa G, Castillo JA, (1993) Geometrical interpretation of 
a laser-induced thermal lens, Optical Engineering, v32, n5, p1125 
56. Marshall BR, Smith RC, (1990) Raman scattering and in-water ocean optical 
properties, Applied Optics, v29, nI, p71 
57. McCormick NJ, Hojerslev NK, (1994) Ocean optics attenuation coefficients: 
local versus spatially averaged, Applied Optics, v33, n30, p7067 
58. McLean EA, Burris HR Jr, Strand MP, (1995) Short-pulse range-gated optical 
imaging in turbid water, Applied Optics, v34, n21, p4343 
59. Michielsen K, De Raedt H, Garcia N, (1997) Time gated transillumination 
and reflection by biological tissues and tissuelike phantoms: 
simulation versus experiment, Journal of the Optical society of America 
A, v14, n8, p1867, ISSN 0740-3232/97/0801867·05 
60. Moe Martin A, (1992) The marine aquarium reference, ISBN 0-939960-05-
126 
ThorSlatar 
61. Moon H-J et ai, (1997) Spectral changes of stimulated Raman scattering 
from modulated water cylinder, Journal of the Optical Society of 
America B, v14, n3, p582 
62. Morel A, Gentili B, (1993) Diffuse reflectance of oceanic waters 2 
Bidirectional aspects, Applied Optics, v32, n33, p6864 
63. Niggl L, Maier M, (1997) Efficient conical emission of stimulated Raman 
Stokes light generated by a Bessel pump beam, Optics Letters, v22, 
n12,p910 
64. Noden se et ai, (1998) The application of diffractive optical elements in 
high power laser material processing, ICALEO '98 (conference 
proceedings), p84 
65. Okoomian HJ, (1966) Underwater transmission characteristics for laser 
radiation, Applied optics, vS, n9, p1441 
66. Pegau WS, Zaneveld JRV, (1994) Temperature dependence of the absorption 
coefficient of pure water in the visible portion of the spectrum, In: 
Ocean Optics XII (conference proceedings), THE SOCIETY OF PHOTO-
OPTICAL INSTRUMENTATION ENGINEERS v2258, p597 
67. Peterson P, Gavrieldes A, Sharma MP, (1999) Modelling of high finesse, 
doubly resonant cw Raman lasers, Optics Communications, v160, p80 
68. Petzing IN, Tyrer JR, Oswin JR, (1996) Improved interferometric techniques 
for measuring flextensional transducer vibrational patterns 
underwater, Journal of Sound and Vibration, v193 n4, p877 
69. Pratisto H et ai, (1996) Tissue treatment under water with simultaneously 
fiber guided Erbium and Holmium laser radiation, THE SOCIETY 
OF PHOTO-OPTICAL INSTRUMENTATION ENGINEERS v2624, 
plO, ISSN 0-8194/1988-5 
70. Sagan S, Kowalczuk P, Zajaczkowski K, (1993) Optical properties of waters 
around Svalbard and Franz Josef Land, Underwater Light 
Measurements, THE SOCIETY OF PHOTO-OPTICAL 
INSTRUMENTATION ENGINEERS v2048, p65 
71. Sano Y et ai, (1997) Residual stress improvement ID metal surface by 
underwater laser irradiation, Nuclear Instruments and Methods in 
Physics Research B, v121, p432 
127 
ThorSlatar 
72. Sari H, Woodward, (1998) Underwater voice communications using a 
modulated laser beam, In: Oceans'98 (conference proceedings) ISBN 0-
7803-5045-6 
73. Scherer JR, Go MK, Kint S, (1974) Raman spectra and structure of water 
from -10 to 90°C, Journal of Physical Chemistry, v78, p1304 
74. Smart JH, (1992) Empirical relationships between optical properties in the 
ocean, In: Ocean Optics XI (conference proceedings), THE SOCIETY OF 
PHOTO-OPTICAL INSTRUMENTATION ENGINEERS v1750, p276 
75. Smith RC, Baker KS, (1981) Optical properties of the clearest natural 
waters, Applied Optics, v20, p 177 
76. Snow JB et ai, (1992) Underwater propagation of high data rate laser 
communications pulses, In: Ocean Optics XI (conference proceedings), 
THE SOCIETY OF PHOTO-OPTICAL INSTRUMENTATION 
ENGINEERS v1750, p419 
77. Sosik HM, Morrison JR, Analysis of inherent optical properties of the gulf of 
Maine observed from a towed vehicle, In: Ackleson S (convenor) 
(2000) Ocean Optics XV; Oct 16-20 Monaco, Office of Naval Research, 
Ocean Atmosphere and Space S&T department 
78. Swanson NL, VanWinkle DH, (1993) Temporal coherence loss due to 
dynamic scattering of laser light, US Government Report, Ill, p 171, 
ISBN 0-7803-1385-2 
79. Tetlow S, Spours J, (1999) Three-dimensional measurement of underwater 
work sites using structured light, Measurement Science and 
Technology, vlO, p1162 
80. Tomov IV, Rentzepis PM, (1994) Effect of thermal self-focusing of degenerate 
four-wave mixing in absorbing media, Applied Physics Letters, v64, pI 
81. Tusting RP, Davis DL, (1992) Laser systems and structured lighting for 
quantitative undersea imaging, MARINE TECHNOLOGY SOCIETY 
Journal, v26 n4, p5 
82. Tyo JS et ai, (1996) Target detection in optically scattering media by 
polarization-difference imaging, Applied Optics, v35 nil, p 1855 
128 
ThorSlaler 
83. Tyrer JR, Noden SC, Hilton PA, (1996) Diffractive optical elements for the 
manipulation of CO2 lase radiation, THE SOCIETY OF PHOTO-
OPTICAL INSTRUMENTATION ENGINEERS v2789 p174 
84. Van de Hulst HC, (1992) Light scattering by small particles, Dover 
publications Inc. ISBN 0-486-64228-3 
85. Von de Weid JP, da Silva lA P, Sant 'Anna AC, (1993) Underwater cableless 
data transmission, , IEEE (conference proceedings), III-pI91, ISSN 0-
7803-13852 
86. Walrafen GE, (1967a) Raman spectral studies of the effects of temperature 
on water structure, Journal of Chemical Physics, v47 nI, p114 
87. Walrafen GE, (1967b) Raman spectral studies of HDO in H20, Journal of 
Chemical Physics, v48 nI, p244 
88. Walrafen GE, Hokmabadi MS, Yang WH, (1986) Raman isobestic points from 
liquid water, Journal of Chemical Physics, v85 n12, p6964 
89. Walrafen GE et ai, (1988) High Temperature High Pressure Raman Spectra 
from Liquid Water, Journal of Physical Chemistry, v92, p4540 
90. Walrafen GE, (1989) Raman spectrum of water: transverse and longitudinal 
acoustic modes below ~300cm-l and optic modes above -300cm-1, 
Journal of Physical Chemistry, v94, p2237 
91. Wang C-S, (1969) Theory of stimulated Raman scattering, Physical review, 
v182 n2, p182 
92. Wang Let al, (1995) True scattering coefficients of turbid matter measured 
by early-time gating, Optics Letters, v20 n8, p913 
93. Watson J et ai, (1995) Imaging in diffuse media with uItrafast degenerate 
optical parametric amplification, Optics Letters, v20 n3, p231 
94. Williams GM, Blouke MM., (1995) How to capture low-light-level images 
without intensifiers, Laser Focus World, p129 
95. Wilson WH, (1979) Spreading of light beams in ocean water, Ocean Optics 
VI (conference proceedings), THE SOCIETY OF PHOTO-OPTICAL 
INSTRUMENTATION ENGINEERS v208, p64 
96. Yu DJ et ai, (1998) Analysis of dark spot formation in absorbing liquid 
media, Journal of Modern Optics, v45 n12, p2597 
129 
IhorSlatar 
97. Yui H, Kitamori T, Sawada T, (1999) Spectroscopic analysis of stimulated 
Raman scattering in the early stage of laser-induced breakdown in 
water, Physical Review Letters, v82 n20, p411 0 
98. Zhukovski AP, Shurupova LV, Zhukovski MA, (1995) Effect of structural 
characteristics of water on the infrared absorption and Raman 
spectra, Journal of Structural Chemistry, v36 n3, p426 
99. Zibordi G, Ferrari GM, (1995) Instrument self-shading in underwater 
optical measurements: experimental data, Applied Optics, v34 n15, 
p2750 
130 
ThDrSlater 
8. 1 Glossary 
<l Polarisability 
(3(9) Volume scattering function (in the range 0-180°, m-1s(l) 
~ Radiant intensity (WS(I) 
11 Thermal compressibility 
A wavelength (m) 
v frequency (s -I) 
9 Scattering angle 
p Linear depolarisation ratio 
a Absorption coefficient(m-I) 
b Scattering coefficient(m -I) 
c (Beam) attenuation coefficient (a+b) (m-I) 
C Cross section (Cb - scattering, Ca - absorption, Cc - attenuation cross 
section, m2) 
E Electrical field strength 
g Gain coefficient 
G Cross sectional area (mL) 
h Planck's constant (Js) 
I Irradiance (Wm-:') 
k Boltzmann's constant 
K Diffuse attenuation coefficient (m-I) 
1 Interaction length (m) 
n Refractive index 
p Dipole strength 
P Power (W) (pL - laser, p lSO - Stokes spontaneous, plSl - stimulated 
Stokes after interaction length 1) 
Q Efficiency factor 
r Distance travelled through the medium (m) 
R Reflectance 
S Stokes parameters (So to S3) for completely describing polarisation 
state 
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T Temperature (OC) or Transmittance 
V Volume (m3) 
w Parametric constants for water 
Astigmatism aberration Consequence of spherical aberration in lenses: off-axis 
objects will be focused at different distances to those 
on axis. 
Attenuation length Distance over which transmitted power falls to 1/e 
times its original value. 
Bessel beam A quasi-nondiffracting beam (annular in the fourier 
domain), it has the properties of the possibility of 
generating a line focus with high intensity and of 
achieving phase matching by a change of the cone 
angle with a telescope. 
Bifurcation A period doubling, quadrupling, etc., That 
accompanies the onset of Chaos. It represents the 
sudden appearance of a qualitatively different solution 
for a nonlinear system as some parameter is varied. 
Case 1 Water where pnmary absorbers are water and 
phytoplankton <lmg/1 sediment [Jerlov 1976] 
Case 2 Water where dissolved materials and non-absorbing 
particulates in high concentration 
Characteristic irradiance Pump beam irradiance integrated over interaction 
length 
Characteristic power Pump beam power integrated over interaction length 
(independent of irradiance) 
Chromatic aberration Present in lenses due to the fact that refractive index is 
wavelength-dependent. So different wavelengths are 
focused at different distances. 
Comatic aberration (coma) Refers to errors caused by principal planes actually 
being curved surfaces (because lenses are thick), i.e. 
Off-axis rays will suffer different magnifications. This 
can be corrected for with known constant object and 
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image distances. 
Common mode rejection In this (spatial) context means to remove unchanging 
information from a scene by image subtraction. The 
variations in the two images may arise from recording 
at orthogonal polarisation states [Tyo et al 1996 - PDI] 
Diffusive photons Any which are multiply scattered, taking far longer to 
reach the detector (if at all) than snake or ballistic 
photons. Diffusive photons can be multiply scattered 
such that they follow the path of ballistic photons. This 
can defeat cw scattering experiments using only spatial 
filtering. 
Extinction (attenuation) coefficient anses from Beer-Lambert law and 
represents the extinction (attenuation) ratio as an 
exponential (Equation 8) 
Fermi resonance The two modes are in fact one transition split into two 
(when looking at hyperfine structure) due to the 
monomer / polymer mix, the presence of impurities, 
O-H vs. H-O-H vibration and temperature 
Interaction length Distance through the water over which the pump beam 
irradiance is above threshold 
Interaction volume Pump beam area integrated over interaction length 
Isobestic A spectral point at which scattered (Raman) irradiance 
IS independent of medium temperature or 
concentration for a liquid or solution. Actually the 
correct tenn for Raman scattering IS isokedastic 
[Walrafen, Hokmabadi and Yang 1986]. 
Monodisperse A single (particle) size (e.g. Particles in suspension). 
Monopath photons Reach the detector without undergoing any scattering 
event (also called ballistic photons). 
Monte Carlo simulation A computer-based statistical study of photon 
interaction with matter. Many individual photons are 
tracked through the medium, some undergoing 
absorption or angular scattering, according to pre-
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selected optical properties. 
Nd:YAG laser Solid-state laser using a crystal of ytrium-aluminium-
garnet doped with neodynium ions. 
Optical density Attenuation coefficient (c) x path length (r). 
Polydisperse A range of (particle) sizes (e.g. Particles In 
suspension). 
Scattering length The average distance between scattering events in the 
material. Also known as mean free path (mfp). 
Snake photons Those that are scattered at small angles. 
Soliton A stable isolated (i.e., Solitary) travelling wave 
solution to a set of equations. 
Spherical aberration Focusing error caused by a mirror or lens having a 
spherical surface rather than and opticall y -correct 
paraboloid shape. 
Transport length The characteristic distance over which a photon loses 
all memory of its original direction. Also known as 
transport mean free path. 
tetra coordintated Water molecule with the maximum of four hydrogen 
bonds. 
tri coordinated Water molecule with only three hydrogen bonds. 
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8.2 Abbreviations 
AD (A to D) Analogue to digital conversion 
AOP Apparent optical properties Those properties of the medium 
(see lOP) which are dependent upon 
transmitted optical flux 
BER Bit error rate Measurement of digital 
transmission quality (per second) 
Cl Characteristic irradiance 
DA(Dto A) Digital to analogue conversion 
DFWM Degenerate four wave mixing 
DOC Dissolved organic compounds 
FOV Field of view Of an imaging system 
FWHM Full width at half maximum measurement criteria for spectral 
data 
GCSA Geometric cross sectional area 
BB hydrogen bonded tetra coordinated water molecule 
HMM Hyperstereo mirror module particle slzmg and counting 
optical configuration 
lOP Inherent optical properties Those properties of the medium 
which are independent of 
transmitted optical flux 
LCP Left-hand circularly polarised 
LIDAR Light detection and ranging Laser radar (also know as ladar) 
LUCIE Laser enhanced underwater [F ournier 1994a] 
camera 
MAPPER Marine Aggregated Particle 
Profiling and Enumerating 
Rover 
MFP Mean free path Inverse of scattering coefficient 
MTF Modulation transfer function 
NHB non hydrogen bonded tri coordinated water molecule 
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OD Optical density cxr 
OE Original equipment 
OLE Object linking and embeding 
PD Polarisation difference Ipd=III-h for linearly polarised 
(imaging) light 
PDI Polarisation difference imaging [Tyo et al 1996] 
PS Polarisation sum (imaging) Ips=III+h for linearly polarised 
light 
PSF Point spread function 
RCP Right-hand circularly polarised 
SLS Structured light sheet 
SSC suspended sediment content 
TPSF Temporal point spread function Defines the pulse-stretching that 
[Bruce et al 1995] occurs as a result of multiple 
scattering. 
VSF Volume scattering function ~(8) 
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A Equipment 
A. 1 Photodiode 
This is the Centronics BPX-6S. 
Active Element Dimensions - 1 mm x 1 mm 
Recommended Wavelength Range - 400 to 1000 nm 
High Frequency Response - up to 100 MHz 
A.2 Imaging - camcorder 
The device used in the imaging studies was the Panasonic NV-DXIOOB camcorder. 
Recording format - Mini DV 
Image sensor - % inch 3 CCD 
Minimum required illumination - 1 Ix 
Standard illumination - 1400 Ix 
A.3 Spectrometer detector 
ThDrSlater 
The camera used as detector for the spectrometer was the Hammamatsu C4742 CCD imager. 
Imaging Device - Full-Frame transfer CCD TC-21S (made in Japan by Texas Instruments) 
Pixel Format - 1024 (H) X 1024 (V) 
Active Pixels - 1000 (H) X 1018 (V) 
Pixel Size - 12 urn X 12 urn (square format) 
Full Well Capacity - 60,000 electrons r.m.s. 
Spectral Response - 400 to 1000 nm 
Scanning - Non-interlaced 
Dynamic Range - Greater than 60 dB 
Frame Rate - 10 frames maxlsecond (with strobe illumination) 
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B Mat/ab code 
% ffi of gaussian 
% to calc Gaussian n (gn) 
% A and C are Gaussian constants 
A= 5.1; 
C=0.00035; 
x= -40.95:0.01:40.96; 
g = (C * exp (x/\2 * (-I * A» + (2/3»; 
gn= g. "'(-I ); 
%plot (gn,x) 
% to caIc opl for rays 
% gpl is geometric pI in m 
gpl = 0.01; 
opl = gn. * gpl; 
%plot (opl,x) 
% to calc phase for rays 
% axial ray, ph = 0 (arbitrary) 
% ie taken at t= 0.1/3e8 = 3.33e-IO 
% all at 514.5nm 
opld = opl - opl( 4096); 
opld = opld * 1 e+9; 
opld = opld I 514.5; 
ph = opld - fix (opld); 
% this line truncates series at 0 
ph(find(ph<O»=zeros(size(tind(ph<O»); 
ph = ph * 2 * pi; 
%plot (ph) 
% to calc ffi of phase and amp 
amp = 4000*(C * exp (x.1\2 * (-I * A» + (0»; 
%plot(amp) 
% extras 
%amp=amp(I,I:512); 
%ph=ph(l, 1 :512); 
%ffi on only half of the data 
comp = amp. * (cos(Ph) + i*sin(ph»; 
gffi = ffi(comp,8192); 
gcon = gill. * conj(gffi); 
%since it is reflected around origin 
%plot(gcon(100:900» %plot for ffi of all data 
f=1000*(0:511)/1024; 
%plot(f,gcon(l :512» %plot on lin axes 
%semilogy(f,gcon(I:512»%plot on log y 
ThDrSlater 
11 
%plot (goon) 
% re-arranging data for viewing 
vis = ffishift(gcon); 
plot (x,vis) 
%outputting data 
%output amplitude 
fid = fopen('amp_out.txt','w'); 
fprintf(fid,'%6.2f\n',vis); 
fclose(fid) 
%Gaussian ref index 
fid = fopen('nGauss.txt','w'); 
fprintf(fid,'%6.2f\n',gn); 
fclose(fid) 
%input amplitude 
fid = fopen('ampjn.txt','w'); 
fprintf(fid,'%6.2f\n',amp ); 
fclose(fid) 
%input phase 
fid = fopen('phasjn.txt','w'); 
fprintf(fid,'%6.2t\n',ph); 
fclose(fid) 
%x values for other graphs 
fid = fopen('xval.txt','w'); 
fprintf(fid,'%6.2f\n',x); 
fclose(fid) 
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C Raman scattering 
C. 1 Spectrometer examples 
The following data was not measured with high enough confidence to enable a quantitative study. 
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The strong Stokes transition in distilled water and salt solution. 
The transitions were averaged over one second. The 
This is just an example. Too few samples were taken to make conclusive statements about the small 
perceived shift in the wavelength peak. The shift is reversed in the following data. 
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The Stokes transition (3400cm-1 mode) and 647.1nm krypton ion calibration line. 
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The system could display a plot approximately 8nm wide at 649nm centre wavelength with 1800 
lines/mm grating. An anti Stokes example is shown below. 
Raman scattering spectrometer plots for anti-Stokes I/I/a\.elengths 
450 
400 
350 
Cl,) 300 
u 
c:: 250 ca 
'0 200 ca 
'-
'- 150 
100 
50 
0 
452 454 456 458 460 462 464 466 
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Anti Stokes transition. Mean of four pulses. Peak at 458.7nm 
Most measurements made with 300 lines/mm (up to 75nm displayed), with a resolution down to 
0.08nrnlpixel. Spectral measurement error is taken to be +/-O.lnm. 
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C.2 MathCAD example - focused beam 
Constants for the RI F model 
laser pulse energy 
specific focal length 
(for figs) 
f: = 1.5 
threshold irradiance for SRS 
speed of light 
laser wavelength 
- 9 A. L := 532·10 
tank length 
1 tank := 4 
attenuation coefficent of water 
c := 0.33 
beam entry radius 
- 3 WI:=3510 
distance through water 
r := 0,0.001.. 1 tank 
linear refractive index 
nO:= 1.33 
Beam power with attenuation considerations 
pump input power 
pump output power 
pump power over tank length 
pump power at focus 
Pe r) 
--2-106 
pef) = 3.05-106 
G P o = 5·10 
2 4 
TherSlater 
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pump beam waist 
pump beam radius 
at 1/e2 point 
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Beam shape 
A L"f 
wO:=--
1t 'w l 
entire tank 
-5 
wO=7.2610 
focal region 
0.006 .--------,.--------, 
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E E 
" .8 .8 0.002 
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o ~--~~--~ 
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r 
path Cm) path Cm) 
TherSlater 
This graph shows a representation of the beam shape. The red line denotes the "edge" of the beal 
as defined by 1/e2. The x axis coincides with the centre of the beam. 
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Irradiance as a function of distance through water 
l( r) 1 '10 13 I 
" 
~ 
0.5 
I 
l(r): = P(r) 
\ 
1.5 
2 ~ ·w(r) 
" 
2 
r 
""'II1II .... 
2.5 
distance through the water Cm) 
Raman Interaction Function 
---. 
3 3.5 4 
The Raman Interaction Function is the pump beam irradiance integrated along the interaction 
length. It is an important term in the transient gain equation. 
conventions for 
finding 
intersection 
between pump 
irradiance and 
threshold 
limit estimates 
guess 10 := f - .02 
l (guess hi) 
finder(guess 10) :=-'-----
I th 
10 :=root (finder (f,guess lo) , guess 10) 
10 = 1.4548 
accuracy check 1(10) = 1.00034 
1 th 
guess hi :=f + .02 
l (guess hi) 
finder ( f, guess hi) :- 1 
1 th 
hi := root (finder (f,guess hi) ,guess hi) 
hi = 1.5443 
l( hi) = 1. 00024 
Ith 
I:=hi - Io 
interaction length 1=0.089 
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C.3 MathCAD example - unfocused beam 
Constants for the RI F model 
laser pulse energy 
mrad (in water) 
divergence := 0.5 
exp self focusing 
threshold irradiance 
for SRS 
speed of light 
laser wavelength 
tank length 
attenuation coefficent of water 
e := 0.33 
threshold for self trapping 
Per :=2S1d' 
beam entry radius 
- 3 wr :=3.5'10 
distance through water 
r := 0,0.001.. I tank 
linear refractive index 
no:= 1.33 
Beam power with attenuation considerations 
pump input power 
pump output power 
pump power over tank length 
5 
P( r) 5'10 
6 PO = l ·lO 
2 4 
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Beam shape 
divergence in water = O.5mrad so assume beam expansion to be O.5mm per m in r. 
pump beam radius 
at 1/e2 point 
( . -3) w(z) :=z· divergence ·10 + wI 
0.006 ,------,,-----,------,,-------,,-----,--- -,---- ,-----, 
g 0.004 
gj 
'i3 w(r) e 
E 
'" 
.8 0.002 
0.5 1.5 2 2.5 3 3.5 4 
r 
path (m) 
ThlrSlater 
This graph shows a representation of the beam shape. The red line denotes the "edge" of the beal 
as defined by 1/e2. The x axis coincides with the centre of the beam. 
Irradiance as a function of distance through water 
---
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Raman Interaction Function 
The Raman Interaction Function is the pump beam irradiance integrated along the interaction 
length. It is an important term in the transient gain equation . 
conventions for finding 
intersection between pump 
irradiance and threshold 
10 := 0 
J.
hi 
RIF := I(r)dr 
10 
guess :=0.6 
finder(guess ) := I(guess ) _ 1 
I th 
hi :=root(finder(guess ) ,guess ) 
hi = 3.3185 
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